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ABSTRACT 
 
Asphalt mixtures undergo chemical and mechanical changes with environmental 
weathering, most specifically due to moisture damage and oxidative aging. Degradation 
through weathering compromises asphalt mixture integrity and leads to early failure. It 
has been reported that potential for moisture damage is related to physicochemical 
properties of binder, aggregate, and resulting interface. Oxidative aging literature suggests 
that the aggregate could be a catalyst to the oxidation process and/or that the aggregate 
could selectively absorb softer functional groups from within the asphalt binder, resulting 
in an additional age-hardening effect of the asphalt mixture.  
This study characterized mechanical and physicochemical properties of asphalt 
binders and aggregates and resulting mechanical responses of corresponding asphalt 
mixtures subjected to moisture and aging effects. The experimental plan involved 20 
binder-aggregate combinations including warm-mix asphalt technologies, neat and 
polymer-modified binders, and two aggregates with different mineralogies and 
morphologies. Experiments were conducted at various length scales: full mixtures, fine 
aggregate mixtures, asphalt binder, and aggregates. Additionally, this study proposes a 
modified microcalorimetry experiment to evaluate binder-aggregate interaction over the 
range of in-service temperatures and with moisture present at the interface.  
This study concludes that physicochemical characteristics of the binder-aggregate 
interface and aggregate microtextural features affect moisture damage. It was found that 
increasing temperature reduces binder-aggregate bond strength and that a uniform layer 
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of moisture prevents binder-aggregate interfacial bonding. Inclusion of warm-mix asphalt 
additives with adhesion promoters can improve mixture performance in terms of moisture 
resistance, and additive dosage should be optimized. In terms of age-hardening, it was 
found that warm-mix asphalt can exhibit greater age-hardening in the first 3 months of 
laboratory aging, but longer-term aging is comparable to that of hot-mix asphalt. 
Additional findings conclude that aggregate type can significantly alter the age-hardening 
process of asphalt mixtures. Gabbro aggregate catalyzes the oxidation process of the 
asphalt binder, while inclusion of limestone aggregate produces increased stiffening of the 
asphalt mixture, possibly due to selective absorption. Based on these findings, it is 
recommended to pursue a deeper understanding of an interphase region formed due to 
binder interlocking with the aggregate surface and with diffusion of binder into the 
aggregate.  
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CHAPTER I  
INTRODUCTION 
 
Asphalt mixtures are a well-established paving material and provide the wearing 
course in about 93% of United States roads (NAPA). These mixtures are composed of 
three main phases: mineral aggregates, asphalt binder, and air voids. The viscoelastic (VE) 
nature of asphalt binder allows for a workable material at production and placement 
temperatures (130 to 163°C), while rendering a tough, flexible material at operational 
temperatures. The general industry trend to develop more-resistant, longer-lasting, and 
ecofriendly materials has led to a broad range of technological alternatives to produce 
asphalt concrete in the past two decades, thus challenging mixture design methodologies 
and experience-based prediction models for asphalt pavement performance. 
Asphalt mixtures degrade with time due to weathering, specifically moisture 
damage and oxidative aging (Little and Jones 2003, Caro et al. 2008a, Petersen 2009). 
Traditional experimental methods (D’Angelo and Anderson 2003) and recently developed 
modeling techniques (Shakiba et al. 2014, Rahmani 2015) involve extensive laboratory 
testing in order to account for the effect of weathering degradation in asphalt mixtures. 
Consideration of interactions between binder and aggregates have shown promise in 
identifying  more compatible asphalt binder-aggregate systems and the ability to develop 
better micromechanical  models of asphalt mixtures subjected to  moisture damage (Caro 
et al. 2008a, Masad et al. 2008, Caro et al. 2009). Oxidative aging of asphalt binder has 
been thoroughly studied (Liu et al. 1998, Petersen 2009, Petersen and Glaser 2011, Cui et 
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al. 2014), but the role of aggregate in the age-hardening process of asphalt mixtures 
remains unclear. 
1.1 Literature Review 
This section summarizes a literature review and current practices to address 
moisture damage and age-hardening of asphalt mixtures, most specifically for hot-mix 
asphalt (HMA). Additionally, one recently implemented technological alternative, warm-
mix asphalt (WMA), is detailed, including the current state-of-the-art.  
1.1.1 Moisture Damage 
Moisture damage in asphalt pavements refers to the deterioration of asphalt 
mixtures due to moisture effect. Moisture damage compromises the integrity of asphalt 
mixtures and exacerbates other forms of pavement distresses, so it is a major concern for 
pavement engineers and researchers (McGennis et al. 1984, D’Angelo and Anderson 
2003, Caro et al. 2008a). A wide range of test methods have been developed in an effort 
to characterize moisture damage in asphalt mixtures (Solaimanian et al. 2003). To prevent 
moisture-induced early failure in asphalt pavement, the industry has developed a variety 
of chemical adhesion promoters, including lime and other aggregate treatments that have 
proved effective over the years (Hunter and Ksaibati 2002, Epps et al. 2003, Little et al. 
2006). Nevertheless, these techniques cannot be applied as a universal recipe for improved 
performance. Susceptibility to moisture damage is related to the particular asphalt binder-
aggregate combination, which should be considered during mixture design (Parker Jr and 
Wilson 1986, D’Angelo and Anderson 2003). 
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Previously identified mechanisms for moisture damage include detachment, 
displacement, spontaneous emulsification, pore pressure–induced damage, hydraulic 
scour, and environmental effects on the asphalt binder-aggregate system (Little and Jones 
2003). Detachment and displacement can be explained by interfacial interactions 
occurring between asphalt binder and aggregate and by the potential for water to disrupt 
the interface. Caro et al. (2008) summarized theories explaining adhesive bond 
mechanisms including weak boundary layers, electrostatic forces, chemical bonding 
(absorption), mechanical bonding, and surface free energy (SFE). The SFE approach 
provides a sound methodology for ranking compatible systems, and it can be used in 
micromechanics-based computational simulations of moisture damage, so this study 
focuses mainly on the SFE theory. 
When a particular combination of asphalt binder and aggregate experiences a 
stronger interaction or bond, it can be referred to as a more compatible system. Such 
systems are expected to be less likely to exhibit early failure due to moisture effects. 
Asphalt binder-aggregate compatibility can be optimized by binder modifications or by 
selection of an alternative aggregate source. Such optimization can be performed through 
mechanical evaluation of asphalt mixture laboratory specimens with and without 
moisture-induced damaged or, alternatively, by evaluating the adhesive characteristics of 
the binder-aggregate system (Little and Bhasin 2006, Bhasin et al. 2007, Howson et al. 
2007, Bhasin and Little 2009) based on their respective SFEs. 
SFE is defined as the energy required to create a new unit of surface area of a 
material. For one particular material, the total SFE (γ𝑡𝑜𝑡𝑎𝑙) can be described as a function 
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of three SFE components: monopolar acidic (𝛾+), monopolar basic (𝛾−), and apolar, or 
Lifshitz–van der Waals (LW) (γ𝐿𝑊), as described in Equation (1).  
γ𝑡𝑜𝑡𝑎𝑙 =  γ𝐿𝑊 + 2√𝛾+𝛾− (1) 
Based on SFE components of asphalt binder and mineral aggregates, the asphalt 
binder-aggregate adhesive bond energy can be calculated using Equation (2). The work of 
debonding in the presence of moisture can be calculated by Equation (3), and the cohesive 
bond energy within the asphalt binder itself can be calculated using Equation (4). 
Additionally, an energy ratio (ER), shown in Equation (5), was proposed as an energy-
based indicator of moisture susceptibility (Bhasin et al. 2006, Bhasin and Little 2007). The 
ER parameter was found to correlate well with laboratory and field performance. 
∆𝐺𝐴𝑆 = 2√𝛾𝐴
𝐿𝑊𝛾𝑆
𝐿𝑊 + 2√𝛾𝐴
+𝛾𝑆
− + 2√𝛾𝐴
−𝛾𝑆
+ (2) 
∆𝐺𝐴𝑊𝑆 = 2𝛾𝑊
𝐿𝑊 + 4√𝛾𝑊
+𝛾𝑊
− + 2√𝛾𝐴
𝐿𝑊𝛾𝑆
𝐿𝑊 − 2√𝛾𝐴
𝐿𝑊𝛾𝑊
𝐿𝑊 − 2√𝛾𝑆
𝐿𝑊𝛾𝑊
𝐿𝑊 
−2√𝛾𝑊
+(√𝛾𝐴
− + √𝛾𝑆
−) − 2√𝛾𝑊
− (√𝛾𝐴
+ + √𝛾𝑆
+) + 2√𝛾𝐴
+𝛾𝑆
− + 2√𝛾𝐴
−𝛾𝑆
+ 
(3) 
∆𝐺𝐴𝐴 = 2𝛾𝐴
𝐿𝑊 + 4√𝛾𝐴
+𝛾𝐴
− (4) 
𝐸𝑅 = |
∆𝐺𝐴𝑆−∆𝐺𝐴𝐴
∆𝐺𝐴𝑊𝑆
| (5) 
where subscripts A, S, and W correspond to asphalt, aggregate (stone), and water, 
respectively. 
Follow-up studies at Texas A&M University proposed the use of isothermal 
microcalorimetry to evaluate binder-aggregate adhesion and aggregate hydrophilicity by 
5 
directly measuring heat of immersion (Bhasin and Little 2009, Vasconcelos et al. 2010, 
Miller et al. 2011). Microcalorimetry has the advantage of being a direct measurement of 
binder-aggregate interactions and offers the flexibility for pretreating aggregates in order 
to evaluate realistic conditions. To date, studies on asphalt binder-aggregate adhesion by 
contact angle techniques and microcalorimetry have reported measurements at room 
temperature and are assumed to be representative of bond strength at an in-service 
temperature range. 
Research studies on moisture susceptibility of asphalt mixtures are generally rank 
mixtures with susceptibility to moisture damage based on mechanical evaluation 
before/after moisture conditioning or by conducting the experiment in wet conditions 
directly. Various studies have found incongruence in ranking asphalt mixture potential for 
moisture damage when different experimental methods/conditions are used in ranking the 
same mixtures (Parker Jr and Wilson 1986, Izzo and Tahmoressi 1999, Epps Martin et al. 
2014). Among other experimental variables, the different temperatures among the various 
test methods or conditioning protocols could contribute to the observed differences. 
Binder-aggregate mechanical interlock depends on aggregate textural features and binder 
interlocking with surface texture. Asphalt binders are temperature-dependent (fluid-like 
VE materials); therefore, their capacity to interlock with aggregate particles is also 
expected to be temperature-dependent. In addition to mechanical features, the binder-
aggregate work of adhesion (interfacial bonding) could decrease with increasing 
temperature, analogous to reduced surface tension of asphalt binder. It is important to 
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explore adhesive characteristics of binder-aggregate systems at a representative in-service 
temperature range.  
Another important factor exacerbating moisture damage in asphalt mixtures is 
residual moisture from incomplete drying of aggregates during the production process. It 
has been noted in previous studies using microcalorimetric techniques that aggregate 
condition or pretreatment may have a significant impact on binder-aggregate adhesion, 
most specifically when conditions are such that aggregates are not fully dried prior to 
testing. Results from measuring binder-aggregate enthalpy of immersion revealed that 
lower pretreatment temperatures result in less bonding; the authors attributed this 
observation to residual moisture attached to the aggregate surface (Miller et al. 2011). It 
is known that the vast majority of aggregates utilized in asphalt mixtures are hydrophilic 
(Miller et al. 2012), so it is thermodynamically favorable for water to displace (or detach) 
binder from the aggregate surface (Little and Bhasin 2006, Caro et al. 2008a). It is 
important to quantify the effect of moisture in binder-aggregate interfacial bonding; such 
measurements can be conducted by microcalorimetric techniques. 
1.1.2 Age-Hardening of Asphalt Mixtures 
Oxidative aging is a primary cause of asphalt pavement failures and early cracking. 
It can be observed mechanically as hardening and embrittlement of the asphalt binder that 
reflects on the mixture (age-hardening of the asphalt mixture). Extensive research has been 
conducted to investigate the chemistry of asphalt binders, develop characterization 
techniques, and investigate changes in binder chemistry occurring with oxidative aging 
and oxidation kinetics (Davidson et al. 1989, Liu et al. 1998, Petersen and Harnsberger 
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1998, Petersen 2009, Petersen and Glaser 2011, Cui et al. 2014). Aging changes the 
relative proportions of saturates, aromatics, resins and asphaltenes (SARA fractions) 
within the asphalt binder, causing a shift of aromatics and resins toward the subsequent 
class. VE properties of asphalt binders are altered with changes in colloidal structure 
(Mastrofini and Scarsella 2000). Formation of oxidation products, principally carbonyl 
groups, has proved to cause changes in binder rheology by various studies (Lau et al. 1992, 
Liu et al. 1998, Glover et al. 2005, Petersen 2009, Pauli and Huang 2013). Aging occurs 
at two different stages for an asphalt mixture: (i) at production (short-term aging), which 
involves loss of volatile components and binder oxidation during storage, mixing, 
transport, and placement, and (ii) in-service (long-term aging), involving further oxidation 
of the asphalt binder (Airey 2003). The generally accepted assumption is that age-
hardening of asphalt mixtures results directly from binder aging. Current practices for 
binder characterization and quality assurance include the use of accelerated aging 
protocols such as the rolling thin ﬁlm oven test (RTFOT) to simulate short-term aging, as 
well as the pressure-aging vessel (PAV) to simulate long-term aging. 
The majority of research involving age-hardening of asphalt binders and mixtures 
focus on either binder or mixtures separately. Studies by the Strategic Highway Research 
Program (SHRP) were strongly oriented toward (i) characterization of binder chemistry 
and rheology with aging (Branthaver et al. 1993, Petersen at al. 1994, Anderson et al. 
1994) or (ii) simulating mixture aging during production and/or service life under field 
conditions using laboratory short- and long-term oven aging (STOA and LTOA) protocols 
for the purpose of mechanically characterizing asphalt mixtures (Bell 1989, Bell et al. 
8 
1994). Limited studies were conducted before and during the SHRP to investigate the 
impact of mineral aggregate in binder aging. It was suggested that the aggregate fraction 
could be a catalyst to the oxidation process (Barbour et al. 1974, Petersen et al. 1974). 
Additionally, the aggregate’s surface morphology, most specifically porosity, was 
suggested as possibly impacting asphalt mixture age-hardening and binder oxidation 
processes. The lighter oily fractions found within the asphalt binders may enter porous 
aggregates, while the highly associated polar fractions remain at the surface of the 
aggregate, resulting in a stiffer material surrounding the aggregate (Lee et al. 1990). In the 
event of selective absorption, the “fractionated” binder may follow different oxidation 
paths as compared to the “complete” binder (Usmani 1997). As a material can adsorb a 
greater amount of polar components from the binder, it may also protect the adsorbed 
components from further oxidation (Petersen et al. 1974). 
Later studies turned to investigating the impact of mineral aggregates on the 
mechanical age-hardening process of asphalt mixtures. Experimental comparisons of 
mixture and binder aging report contradictory results (Airey and Wu 2009). In this study, 
a particular mixture demonstrated the most severe stiffening upon aging, while the binder 
extracted from the same mixture showed the least stiffening, challenging the common 
assumption that mixture age-hardening results directly from binder age-hardening. A more 
recent study confirmed that aggregate has an impact on binder and mixture aging (Wu et 
al. 2014). As pavement engineers, our priority is to characterize mixtures at the initial 
stage and account for the age-hardening effect throughout the service life of a pavement 
structure. Ideally, such information should be available upon binder characterization in 
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terms of oxidation and/or age-hardening, but limited correlations between binder and 
mixture aging are found in the literature (Morian et al. 2011, Glover et al. 2014, Newcomb 
et al. 2015). It is possible that this lack of conclusiveness results from ignoring the role of 
the aggregate fraction neighboring the asphalt binder and possibly affecting the oxidation 
and age-hardening processes.  
Within the Pavement Analysis Using Nonlinear Damage Approach (PANDA), a 
continuum-based aging state variable was developed and validated in order to account for 
progressive change in the properties of asphalt concrete due to age-hardening throughout 
the lifespan of asphalt pavement. Calibration of model parameters is based on linear 
viscoelastic (LVE) properties changing with aging time and consideration of oxygen 
content and temperature variation (Rahmani 2015); the model is described by Equation 
(6). 
?̇? =  
𝑑𝐴
𝑑𝑡
=  Γ𝑎𝜃𝛼1(1 − 𝐴)𝛼2𝑓(𝑇) (6) 
where ?̇? is the time rate of the aging state variable, A (0 ≤ A ≤1), Γ𝑎 is the fluidity 
parameter controlling growth rate of A; 𝜃 is the oxygen content (0 ≤ 𝜃 ≤1); 𝛼1 is the model 
parameter controlling the effect of oxygen content on aging rate; 𝛼2 is the model parameter 
controlling the effect of the aging history term, (1-A); and 𝑓(𝑇) is the aging temperature 
coupling parameter. 
Within PANDA, the mechanical behavior of an asphalt mixture is defined in terms 
of creep compliance, as defined by Equation (7). With aging, the compliance terms (𝐷i) 
and retardation times (𝜆𝑖) are shifted as a function of the aging state variable (A), as 
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indicated by Equation (8) and Equation (9), respectively, where 𝑘1 and 𝑘2 are material 
parameters. The instantaneous compliance (𝐷0) is assumed not to vary with aging. 
𝐷(𝑡) =  𝐷0 + ∑ 𝐷𝑖[1 − exp (−𝜆𝑖𝑡)]
𝑛
𝑛=1
 (7) 
Di
A = (1 − A)k1Di (8) 
λi
A = (1 − A)k2λi (9) 
Note that creep behavior is defined as a function of loading time, while the aging 
state variable is a function of aging time. It is assumed that the material in a roadway does 
not age within the time period that a load is applied. Ideally, the aging state variable (A) 
should be determined from binder age-hardening. Further research is needed to describe 
mechanistically the relationship between binder and mixture age-hardening processes.   
1.1.3 Warm-Mix Asphalt Technologies 
WMA consists of a technological innovation that allows asphalt mixtures to be 
produced and placed at reduced temperatures, as compared to the conventional HMA (i.e., 
15°C minimum). Reduced mixing and compaction temperatures can be achieved by using 
different mechanisms that involve microstructural, physicochemical, and mechanical 
changes to asphalt binders. Some WMA additives are advertised to reduce viscosity at 
mixing temperatures while maintaining or slightly increasing the viscosity at operational 
temperatures (e.g., organic waxes). Other chemical WMA additives reduce the surface 
tension of the binder to improve wettability (ability to coat) over the aggregate, enabling 
reduction of production temperatures (e.g., surfactants). Foaming technologies are based 
on water injection at high pressures to expand the volume of binder and provide better 
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coating. Concerns remain regarding WMA performance and long-term durability because 
of reduced production and compaction temperatures (e.g., early rutting and moisture 
damage).  
Several studies have compared the performance of WMA to HMA (Table 1). Most 
studies show that HMA outperforms WMA in the laboratory, while WMAs demonstrate 
satisfactory and comparable field performance. Researchers recommend optimizing 
selection of WMA technology to improve compatibility with mixture constituents for 
reduced risk of moisture damage. Polymer modification, inclusion of anti-stripping agents, 
and use of recycled materials have also been evaluated for WMA with satisfactory results. 
Recommendations for mixture design to preclude moisture damage in WMA, including 
experimental methods and pass/fail thresholds, were proposed by Garcia Cucalon et al. 
(2014) and validated by Yin et al. (2016). Satisfactory field performance of WMA 
validates the continued use of the technology and promotes further implementation (Jones 
et al. 2011, Estakhri 2012, Epps Martin et al. 2014). 
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Table 1. Previous research on WMA performance 
Topic Findings References 
Laboratory 
Evaluation, Moisture 
Susceptibility 
WMA is more moisture-
susceptible than HMA 
Wasiuddin 2008 
Austerman et al. 2009 
Diefenderfer and Clark 2011 
Kim et al. 2011 
Caro et al. 2012 
WMA production at reduced 
temperatures potentially 
increases moisture 
susceptibility 
Goh and You 2011 
Mejias-Santiago et al. 2011 
Alavi et al. 2012 
Inclusion of reclaimed asphalt 
pavement (RAP) improves 
WMA resistance to moisture-
induced damage 
Doyle et al. 2011 
Mogawer et al. 2011 
Solaimanian et al. 2011 
Optimization of mixture 
constituents (i.e., WMA 
additive, binder type, 
aggregate type, anti-stripping 
agent) produces best results 
Prowell et al. 2007 
Hearon and Diefenderfer 2008 
Xiao et al. 2011 
Bennert et al. 2011 
Garcia Cucalon et al. 2015 
Laboratory 
Evaluation, Rutting 
Potential 
WMA has increased rutting 
potential 
Rashwan and Williams 2012 
Bower et al. 2012 
Inclusion of anti-stripping 
agents, polymers, or RAP 
improves WMA in terms of 
rutting potential 
Hurley and Prowell 2006 
Mogawer et al. 2012 
Laboratory 
Evaluation, Fatigue, 
WMA vs. HMA 
WMA shows improved 
fatigue resistance 
Goh and You 2011 
Caro et al. 2012 
Sadeq et al. 2016a 
WMA shows equivalent 
fatigue resistance 
Bonaquist 2011 
WMA shows decreased 
fatigue resistance 
Bower et al. 2012 
Field Performance 
WMA reports satisfactory 
field performance 
Diefenderfer and Clark, 2011 
Jones et al. 2011 
Kim et al., 2011 
Estakhri 2012 
Epps Martin et al. 2014 
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In addition to WMA-versus-HMA comparisons at one selected time-frame or 
specimen condition, National Cooperative Highway Research Program (NCHRP) studies 
9-49 and 9-52 evaluated the evolution of WMA mechanical properties with STOA and 
LTOA protocols. It was found that WMA is generally less stiff than HMA during early 
life, but it is able to “catch up” with HMA over time. Equivalency is reached, not only in 
terms of stiffness but in terms of resistance to moisture damage (Epps Martin et al. 2014, 
Newcomb et al. 2015). To understand the causation of the observed mechanical response 
in WMA mixtures (Table 1) and the evolution of WMA mechanical properties with time, 
it is important to understand the technological changes imposed on the binder and mixture 
from a fundamental perspective.  
For WMA surfactant additives, the reduction in binder surface tension (or SFE) 
enhances wettability of the aggregate surface. A previous study on the effectiveness of 
reducing surface tension at mixing temperatures revealed that WMA additives may or may 
not effectively contribute to the expected reduction in binder surface tension (Osmari et 
al. 2015). Nevertheless, the term “wettability” involves considering the aggregate; 
therefore, it is possible that surface mineralogy and microtextural features of the aggregate 
fraction contribute to the effectiveness of WMA additives in reducing production 
temperatures. It is important to develop a deeper understanding of binder-aggregate 
interactions with temperature changes. A general recommendation from previous studies 
(Table 1) is to characterize and optimize compatibility of constituent materials (i.e., WMA 
additive, anti-stripping agents, binder type, and aggregate type), which should be 
addressed upon understanding the fundamental material properties that are altered by 
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technological changes. It is important to evaluate the effect of WMA technologies on SFE 
components of asphalt binders (and binder-aggregate interaction) with consideration of 
short- and long-term aging.  
1.2 Objectives of Study 
Previous research has established a relationship between the potential for moisture 
damage and interactions occurring at the binder-aggregate interface (i.e., adhesion, 
cohesion, and debonding work due to moisture) based on surface energy components of 
constituents (Bhasin et al. 2006, Little and Bhasin 2006, Bhasin et al. 2007). Oxidative 
aging has been thoroughly explored in terms of binder chemistry, kinetics, and 
mechanisms for oxidation with proven empirical correlation to mixture performance (Liu 
et al. 1998, Petersen 2009, Glover et al. 2014), although the effect of aggregate type on 
the age-hardening process of asphalt concrete remains unclear. With the current 
availability of numerous technological alternatives to asphalt mixtures, it is important to 
pursue a deeper understanding of binder-aggregate interactions contributing to weathering 
degradation processes. 
The specific objectives of this study are as follows: 
1. Evaluate the effect of modifications (i.e., WMA additives and dosages) and 
laboratory aging on binder SFE and potential for moisture damage. 
2. Quantify the effect of temperature and moisture on binder-aggregate interfacial 
bonding. 
3. Quantify the contribution of aggregate type and binder modifications to the age-
hardening of asphalt mixtures. 
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1.3 Description of Contents 
To fulfill the objectives of the study, it was required to conduct extensive 
laboratory testing at various length scales, considering physicochemical, chemical, and 
mechanical characterization of constituents and composites. Chapter II describes the 
research approach, including materials, experimental methods, and research tasks, which 
are objective-specific.  
Results are discussed with respect to each objective in separate chapters (III, IV, 
and V). The effect of WMA additives on binder SFE and potential for moisture damage is 
discussed in Chapter III. Additionally, the effect of laboratory aging on SFE is discussed. 
The effects of temperature and moisture on binder-aggregate interfacial bonding are 
discussed in Chapter IV. Chapter V describes the age-hardening process of asphalt 
mixtures under laboratory aging conditions. Binder extraction and recovery were 
conducted for assessment of age-hardening and investigating chemical factors 
contributing to binder and mixture age-hardening processes. Finally, conclusions and 
recommendations for future research are provided in Chapters VI and VII, respectively. 
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CHAPTER II  
RESEARCH APPROACH 
 
This chapter provides details on the materials, experimental methods, and research 
tasks executed to meet the proposed objectives.  
2.1 Materials 
This study considered two different binder types, unmodified performance grade 
(PG) 64-22 and polymer-modified PG 76-22, commonly utilized in Qatar. Mixtures were 
fabricated with two different aggregate types, gabbro and limestone. The aggregates were 
thoroughly characterized in previous studies (Masad et al. 2011, Al-Ansary and Iyengar 
2013).  
Masad et al. (2011) evaluated characteristics of the aggregates, including 
angularity and textural features before and after laboratory-induced degradation 
(microdeval). The researchers concluded that gabbro is a tough, highly wear-resistant, 
siliceous igneous rock that can be used in pavement structural layers and wearing courses. 
Limestone aggregate is a good-quality material, but is weaker in terms of wear resistance, 
limiting its use to structural layers rather than wearing courses. Al-Ansary and Iyengar 
(2013) characterized fundamental physiochemical properties of aggregates utilized in the 
construction industry in Qatar. Qualitative and semiquantitative chemical analyses by X-
ray diffraction (XRD) and X-ray fluorescence (XRF) are summarized in Table 2 and Table 
3 for the materials relevant to this study. Additionally, Al-Ansary and Iyengar (2013) 
reported scanning electron microscopy (SEM) evaluation of the surface of both 
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aggregates; results indicated that gabbro has a densely sealed surface morphology, while 
limestone has a relatively highly porous surface morphology.  
 Table 2. Qualitative analysis based on XRD (Al-Ansary and Iyengar 2013) 
Mineral/Phase Notation Chemical Formula 
Relative % Composition 
of Sample 
Gabbro Limestone 
Antigorite a Mg3Si2O5(OH)4 28.54  
Clinopyroxene x Ca(Ti,Mg,Al)(Si,Al)2O6 14.06  
Edenite e NaCa2Mg5AlSi7O22(OH)2 11.24  
Plagioclase p Ca0.63Na0.37(Al1.63Si2.37O8) 28.81  
Fosterite f Mg2SiO4 16.35  
Dolomite d CaMg(CO3)2 - 55.01 
Calcite c CaCO3 - 34.15 
Quartz q SiO2 - 10.77 
 
Table 3. Semi-quantitative analysis based on XRF (Al-Ansary and Iyengar 2013) 
Element Component 
Mass (%) 
Gabbro Limestone 
Carbon CO2 8.25 40.8 
Sodium Na2O 1.32 0.176 
Magnesium MgO 13.1 16.3 
Aluminum Al2O3 13.2 1.11 
Silicon SiO2 39.4 11.0 
Phosphorous P2O5 0.0685 0.114 
Sulfur SO3 0.0858 0.0875 
Chlorine Cl 0.11 0.108 
Potassium K2O 0.0558 0.0219 
Calcium CaO 12.4 29.8 
Titanium TiO2 0.810 - 
Chromium Cr2O3 0.104 - 
Manganese MnO 0.191 0.0315 
Iron Fe2O3 10.9 0.343 
Nickel NiO 0.0655 - 
Strontium SrO 0.0209 0.0109 
Barium BaO - 0.0972 
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WMA technologies were evaluated in combination with both binders PG 64-22 
and PG 76-22. One WMA laboratory foaming technology and three different WMA 
additives were utilized (Sasobit®, Rediset® LQ, and Evotherm® MA3). Sasobit is an 
organic wax that melts at high temperatures and reduces asphalt binder viscosity, 
consequently lowering mixing and compaction temperatures of WMA. Rediset LQ (Akzo 
Nobel) and Evotherm MA3 (Mead Westvaco) are chemical additives, surfactants designed 
to reduce the surface tension of asphalt binders for improved coating of aggregates at 
lower production temperatures. Both additives include active adhesion promoters (amine-
based), similar to commonly marketed liquid anti-stripping agents. The percentages 
recommended by the producers of Rediset, Evotherm, and Sasobit are 0.5%, 0.5%, and 
2.0% over binder weight, respectively. For the foaming technology, water content was 
selected to be 1% over binder weight upon determination of the optimum foam ability 
index, as recommended by Yin et al. (2014a). 
One aggregate gradation was selected for all asphalt mixtures, including both 
aggregate types in combination with both PG binders and WMA technologies. The 
aggregate gradation (shown in Figure 1) is a mixture with a 25-mm maximum nominal 
aggregate size. Selection of aggregate gradation and initial binder content was previously 
reported by FUGRO Middle East in a mixture design utilizing gabbro and binder PG 76-
22. Binder contents were then adjusted for the other three HMA mixtures (gabbro PG 64-
22, limestone PG 64-22, and limestone PG 76-22) based on a target 5.2% air void content, 
as assigned by FUGRO. No further binder content adjustments were conducted for WMA 
mixtures. Production temperatures were defined for the HMA based on the PG of the 
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binder. For WMA mixtures, it was required to reduce mixing temperature by at least 15°C 
compared to the base PG binder. Conditioning times and temperatures prior to compaction 
were selected to mimic the initial condition of a pavement, as recommended by Yin et al. 
(2013). Specimens were compacted to a 150mm diameter by 170mm height using a 
Superpave gyratory compactor (SGC) and then were cored and trimmed to 100mm 
diameter by 150mm height. The final specimens were prepared based on a target 7% air 
void content, which is common for performance testing. A general description of the 
specimens tested in this study is provided in Table 4.  The binder content is expressed as 
a percent of the total mixture weight. 
 
Figure 1. Gradation asphalt mixture 
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Table 4. Mixture characteristics 
Aggregate Binder Additive 
Binder 
Content 
% 
Air 
Voids 
% 
Absorbed 
Binder 
% 
Effective 
Binder % 
Mix/Compact 
Temperatures 
°C 
Gabbro 
P
G
 6
4
-2
2
 
None 4.3 7.3 0.6 3.7 143/135 
Rediset 4.3 7.0 0.5 3.8 128/116 
Sasobit 4.3 7.3 0.3 4.0 128/116 
Evotherm 4.3 7.3 0.5 3.8 128/116 
Foaming 4.3 6.6 0.4 3.9 128/116 
P
G
 7
6
-2
2
 
None 3.9 7.2 0.1 3.8 163/135 
Rediset 3.9 6.7 0.1 3.8 145/116 
Sasobit 3.9 7.1 0.0 3.9 145/116 
Evotherm 3.9 7.4 0.2 3.7 145/116 
Foaming 3.9 7.1 0.3 3.6 145/116 
Limestone 
P
G
 6
4
-2
2
 
None 5.1 7.0 1.7 3.4 143/135 
Rediset 5.1 7.1 1.3 3.8 128/116 
Sasobit 5.1 6.8 1.6 3.5 128/116 
Evotherm 5.1 6.7 1.2 3.9 128/116 
Foaming 5.1 7.1 1.4 3.7 128/116 
P
G
 7
6
-2
2
 
None 4.9 7.0 1.5 3.4 163/135 
Rediset 4.9 7.1 1.6 3.3 145/116 
Sasobit 4.9 6.8 1.5 3.4 145/116 
Evotherm 4.9 7.1 1.5 3.4 145/116 
Foaming 4.9 7.0 1.5 3.4 145/116 
 
 
 
To select the corresponding fine aggregate matrix (FAM) portions for a given 
mixture, the percentage passing sieve no. 16 was taken as 100% (Figure 1), and individual 
retained fractions for all smaller sieve sizes were recalculated proportionally (Figure 2). 
The gradation for the corresponding FAM proportion is shown in Figure 2, which is also 
the same for all 20 mixtures considered in this study. Binder contents for the FAMs were 
determined based on the procedure presented by Sousa et al. (2013). For limestone 
aggregates, the optimum binder content was 10.5% by weight of mix, while it was 7.3% 
by weight of mix for gabbro mixtures.  
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Figure 2. Gradation FAM 
FAM specimens were conditioned for short-term aging, as recommended by Yin 
et al. (2013), and were compacted with an SGC, from which the specimens were cored to 
cylinders of 25mm diameter by 50mm height. All FAM specimens had air void contents 
below 3%. 
2.2 Experimental Methods 
This section includes a description of each experimental method considered in this 
study to characterize constituents, adhesion, and asphalt concrete. 
2.2.1 Surface Free Energy by Wilhelmy Plate 
The Wilhelmy plate test method is a contact angle technique used to determine the 
surface energy component of a material. The experimental setup is shown in Figure 3. 
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(a)  Equipment and Data Acquisition (b) Detailed View 
Figure 3. Wilhelmy plate 
To measure surface characteristics of asphalt binder, a plate coated with binder 
was immersed into a probe liquid of known characteristics. The contact angle of asphalt 
binder was determined from the measured force (∆F) through simple equilibrium 
equations considering the weight of the plate in the air (𝜌𝑎𝑖𝑟) and partially submerged (𝜌𝐿) 
in a probe liquid with known surface energy (𝛾𝐿
𝑇𝑜𝑡), as described in Equation (10). In 
Equation (10), 𝑃𝑡  is the perimeter of the bitumen-coated plate, and 𝑉𝑖𝑚 is the volume 
immersed in the probe liquid. 
cosθ =  
∆F + 𝑉𝑖𝑚(𝜌𝐿 − 𝜌𝑎𝑖𝑟g)
𝑃𝑡𝛾𝐿
𝑇𝑜𝑡  (10) 
The SFE of a material (γ𝑇𝑜𝑡𝑎𝑙) can be defined by three components: monopolar 
acidic (𝛾+), monopolar basic (𝛾−), and apolar or LW (𝛾𝐿𝑊), as given in Equation (1). 
Considering two materials, solid and liquid, in contact, Van Oss et al. (1988) related Gibbs 
free energy of adhesion, the contact angle (θ) of the probe liquid (L) with a solid (S), and 
surface energy characteristics (γ) of liquid and solid. Hefer et al. (2006) utilized this theory 
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in order to calculate the surface energy components of asphalt binders based on contact 
angle measurements with probe liquids (Equation 11).  
γ𝐿
𝑡𝑜𝑡𝑎𝑙(1 + cosθ) = (2√𝛾𝐿
𝐿𝑊) 𝑥1 + (2√𝛾𝐿
−1) 𝑥2 + (2√𝛾𝐿
+) 𝑥3 (11) 
where 𝑥1, 𝑥2, and 𝑥3 are the unknown surface energy components for the asphalt binder. 
A system of at least three equations was needed to solve for the three unknown 
SFE components of the asphalt binder. Five probe liquids (distilled water, formamide, 
glycerol, ethylene glycol, and methylene iodide) were used in experimental measurements 
in order to minimize the effect of possible experimental errors in the calculated surface 
energy components, as recommended by Hefer et al. (2006). 
2.2.2 Surface Free Energy by Universal Sorption Device 
The SFE components of aggregates can be obtained by the Universal Sorption 
Device (USD) (Figure 4). The clean aggregate was placed in a closed system at low 
pressure. A probe vapor was released and allowed to adsorb onto the aggregate surface, 
while the mass of adsorbed probe vapor was measured with a high-precision magnetic 
scale. The adsorption isotherm is the relation between vapor pressure of the probe vapor 
and adsorbed mass (𝑛). The equilibrium spreading pressure (𝜋𝑒) of a probe vapor on the 
solid surface can be obtained by measuring the adsorption isotherm at several pressures 
(𝑝). Equation (12) defines the spreading pressure as a function of the universal gas 
constant (R), temperature (T), molecular weight of the probe vapor (M), and specific 
surface area (SSA) of the aggregate (A). The Branauer, Emmett, and Teller (BET) 
procedure, shown in Equation (13), is recommended to calculate the SSA of the aggregate. 
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In Equation (13), 𝑛𝑚 is the monolayer capacity of the aggregate surface, 𝑁0 is Avogadro’s 
number, and ∝ is the projected area of a single molecule. 
 
Figure 4. USD 
Work of adhesion between solid and vapor can also be calculated as a function of 
the equilibrium spreading pressure of the vapor over the solid surface, as shown in 
Equation (14). To calculate each SFE component of the aggregate, the experimental 
measurements included three probe liquids (n-hexane, methyl propyl ketone [MPK], and 
water) in order to solve for the unknowns in Equation (11). 
𝜋𝑒 =  
𝑅𝑇
𝑀𝐴
∫
𝑛
𝑝
𝑑𝑝
𝑃𝑛
0
 (12) 
A =  (
𝑛𝑚𝑁0
𝑀
) ∝ (13) 
W𝑆,𝑉
𝑎 = 𝜋𝑒 +  2𝛾𝑉
𝑇𝑜𝑡𝑎𝑙 (14) 
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2.2.3 Dynamic Mechanical Analysis of Moisture Damage in Fine Aggregate Matrix 
The model proposed for evaluating crack growth within a FAM was described by 
Masad et al. (2008). Based on this approach, crack growth can be expressed in terms of 
the J-integral, as shown in Equation (15). 
𝑑𝑟
𝑑𝑁
= 𝐴[𝐽𝑅]
𝑛 (15) 
where 
𝑑𝑟
𝑑𝑁
 is the crack extension per load cycle; R is the average crack radius; A and n are 
experimentally determined material constants; and 𝐽𝑅 is the J-integral, calculated by 
Equation  (16). 
𝐽𝑅 =
𝜕𝐷𝑃𝑆𝐸
𝜕(𝑐𝑟𝑎𝑐𝑘 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎)
=
𝜕𝑊𝑅
𝜕𝑁
𝜕(𝑐𝑟𝑎𝑐𝑘 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎)
𝜕𝑁
 (16) 
where, 𝑐𝑠𝑎 is the crack specific area, and 𝑊𝑅 is the dissipated pseudostrain energy 
(DPSE).  
𝑊𝑅  was calculated on the basis of the area of hysteresis loop of pseudostrain 
against measured stress. The relationship between 𝑊𝑅 and N is given in Equation (17).   
𝑊𝑅 = 𝑎 + 𝑐𝑁
𝑏 (17) 
The pseudostrain energy release rate (𝜕𝑊𝑅 𝜕𝑁⁄ ) was calculated using Equation 
(17) and was then substituted in Equation (16) to calculate the J-integral (JR). The J-
integral (JR) was substituted in Equation (15) to calculate crack size and define a crack 
size index. After some mathematical manipulations (Masad et al. 2008), the model for 
calculating crack growth radius (∆R) is as follows: 
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∆𝑅(𝑁) = [(
2𝑛 + 1
𝑛𝑏 + 1
)
𝑛+1
(
𝐸𝑅𝑏𝑐
4𝜋𝐸1∆𝐺𝑓
)
𝑛
𝑁𝑛𝑏+1]
1
2𝑛+1
 (18) 
where a, b, and c are the model parameters used to define DPSE; 𝐸𝑅 is a reference 
modulus; 𝐸1 is the initial modulus from the relaxation test; ∆𝐺𝑓 is the work of adhesion; 
and n is a material constant correlated to the m value from the relaxation modulus 
(Schapery 1984). A wet-over-dry ratio of the crack radius (R) at 5000 load cycles was 
selected as a moisture susceptibility ratio (MSR) for comparison of all FAM mixtures, as 
indicated in Equation (19) . 
MSR =
∆𝑅(5000)𝑤𝑒𝑡
∆𝑅(5000)𝑑𝑟𝑦
 (19) 
When tensile strength and surface energy are constants during fracture, the relation 
between n and m can be described by Equation (20). 
n = 1 +
1
𝑚
 (20) 
To account for ∆𝐺𝑓, I considers that specimens in dry and wet conditions will have 
different bond energies. The maximum ∆𝐺𝑓 occurs in the dry condition (Equation (21), 
and it can be obtained directly from the measurements utilizing the Wilhelmy plate and 
USD for binders and aggregates, respectively, as described in Equation (2).  
∆𝐺𝑓(𝑑𝑟𝑦) = ∆𝐺𝐴𝑆 (21) 
After moisture conditioning, the asphalt binder-aggregate interface is partially 
saturated (Lytton et al. 1993, Kim et al. 2004). Therefore, ∆𝐺𝑓, representing a partially 
saturated interface, results in a lower value than that in the dry condition, which can be 
assumed to degrade proportionally due to a degradation in mechanical properties 
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accounted for by a wet/dry dynamic modulus ratio (DMR), as described in Equation (22) 
and Equation (23). 
∆𝐺𝑓(𝑤𝑒𝑡) = ∆𝐺𝑓(𝑑𝑟𝑦) × 𝐷𝑀𝑅 (22) 
𝐷𝑀𝑅 =  
(
|𝐸∗|𝑖 
|𝐸∗|0
)
𝑤𝑒𝑡
(
|𝐸∗|𝑖 
|𝐸∗|0
)
𝑑𝑟𝑦
 
(23) 
where |𝐸∗|𝑖 is the dynamic modulus at i cycles, i.e., 1000 cycles, and |𝐸
∗|0 is the reference 
modulus. 
The testing protocol for FAM mixtures was conducted utilizing a Bose® 
ElectroForce® dynamic mechanical analyzer (DMA) (Figure 5a). The test specimens were 
carefully gripped into the DMA (Figure 5b) and then were subjected to dynamic loading. 
Figure 5c shows a typical test specimen after failure. 
                                            
(a) Bose ElectroForce DMA 
(b) Gripping the 
Specimen 
(c) Specimen After 
Testing 
Figure 5. DMA 
The first step in the DMA testing sequence was to obtain the relaxation modulus 
for each material. For this purpose, a FAM specimen was subjected to a constant tensile 
strain level of 200 small enough to avoid any damage to the FAM specimens. The 
 28 
 
strain was held constant for 10 minutes, and both load and displacement were measured. 
The relaxation modulus (Figure 6a) was calculated using Equation (24) and Equation (25). 
In addition, the model parameters 𝐸1 (initial modulus) and m (relaxation speed) were 
obtained using Equation (26). 
                           
(a) Relaxation Modulus 
 
(b) Dynamic Modulus 
Figure 6. DMA testing sequence 
𝜎(𝑡) =  𝜎∞ + 𝜎1𝑡
𝑚 (24) 
𝐸(𝑡) =  
𝜎(𝑡)
𝜀0
 (25) 
𝐸(𝑡) =  𝐸∞ + 𝐸1𝑡
𝑚 (26) 
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The relaxation modulus test was followed by a repeated sinusoidal tensile strain 
test (Figure 6b) at 130 nondestructive). After a 20-minute rest period, the FAM was 
subjected to a sinusoidal tensile strain of 3000  to induce gradual damage to the test 
specimen. Sinusoidal tensile tests were performed at a frequency of 1 Hz. Load and 
displacement outputs from the DMA were filtered using a Fourier fit in MATLAB prior 
to calculating the stress, strain, and phase angle (Figure 6b). DPSE was defined as the area 
in the stress-pseudostrain hysteresis loop (Figure 7), which increases with load 
applications as the sample is damaged (Figure 8). Data were fitted to Equation (17).  
 
Figure 7. Stress vs. pseudostrain for different load cycles. 
 
Figure 8. Change in DPSE with load cycles. 
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Calculation of DPSE (Equation 27) was conducted as detailed by Masad et al. 
(2008), considering DPSE components related to phase angle increase (Equation (28)) and 
modulus decrease (Equation (29)).  
DPSE = WR1 + WR3 (27) 
𝑊𝑅1 = 𝜋𝐸𝑉𝐸
∗ 𝛾0𝐹
2 sin(𝛿𝑁𝐹−𝛿𝑉𝐸) (28) 
𝑊𝑅3 =  
1
2
𝛾0𝐹
2 (𝐸𝑉𝐸
∗ − 𝐸𝑁𝐹
∗ ) (29) 
where 𝐸𝑉𝐸
∗  is the VE dynamic modulus at the nondestructive strain level; 𝛿𝑉𝐸 is the VE 
phase angle at the nondestructive strain level; 𝛾0𝐹 is the strain amplitude during the 
destructive test; 𝛿𝑁𝐹 is the phase angle changing with load cycles during the destructive 
test; 𝐸𝑁𝐹
∗  is the dynamic modulus changing with load cycles during the destructive test. 
2.2.4 Enthalpy of Immersion by Microcalorimeter 
The experimental procedure summarized in this section has been utilized in 
previous studies (Bhasin and Little 2009, Vasconcelos et al. 2010). The system utilized in 
this study was a differential isothermal microcalorimeter manufactured by Omnical Inc. 
The system is presented in Figure 9a, including a microcalorimeter device and a water 
temperature controller. The microcalorimeter unit measures heat change or differential 
heat between two cells, a reaction and a reference cell (Figure 9b). The reference cell 
consisted of an empty vial while the reaction cell contained aggregate particles. The binder 
was injected in both reaction and reference cells simultaneously, and the heat transferred 
between both was measured. The use of a reference cell allowed one to exclude heat 
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generated from the sole injection process or other experimentally induced heat 
differentials, which do not correspond to the heat generated during the wetting process.  
 
(a) Microcalorimeter 
 
(b) Schematics 
Figure 9. Microcalorimeter  
The system was set to a constant temperature. Once thermal equilibrium was 
reached (i.e., no heat flow observed), the binder solution was injected into the sample and 
reference vials simultaneously, and heat flow was recorded, as shown in Figure 10. The 
enthalpy of immersion (H) was determined by integrating the area between the heat-
flow-versus-time curve and the baseline. The measurements were normalized considering 
the amount of material inside the vial and the SSA of the aggregates obtained by 
experimental measurements in the USD, with N-hexane as the probe vapor. During the 
progress of each experiment (i.e., 45 to 60 minutes), the system was kept at a constant 
temperature. Upon completion of the experiment, the entire system was set to the next test 
temperature. 
Bath
Reference 
Cell
Reaction 
Cell
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Figure 10. Microcalorimeter output data 
The materials required to conduct the experiment are illustrated in Figure 11.The 
aggregate fraction evaluated corresponds to the size passing sieve no. 100 and that retained 
on sieve no. 200 (Figure 11a). A consistent particle size was required to minimize data 
variability. The small aggregate fraction allowed for a larger surface area so that the heat 
produced was sufficient to be detected by the microcalorimeter. The binder was injected 
in the form of a solution in a toluene solvent in the empty cell and in the cell containing 
aggregate (Figure 11b). Previous research by the Western Research Institute (WRI) 
indicated that toluene does not compromise the integrity of the asphalt molecule, but 
disperses the molecules, thus affecting mobility (Robertson et al. 2001). The aggregate 
can be pretreated with heat (3 hours at 150°C) to ensure complete drying (Figure 11c). 
Alternatively, the aggregates can also be pretreated to create a uniform distribution of 
water on the surface. This is typically achieved by allowing the sample to equilibrate inside 
a desiccator at a predetermined relative humidity (RH) until constant weight is reached 
(Figure 11d). 
17.5
20
22.5
25
0 10 20 30 40 50 60
H
ea
t 
F
lo
w
 (
m
W
)
Time (min)
Exp. Data Base Line
 33 
 
 
(a) Aggregate Fraction 
 
(b) Vials: Reference and Reaction 
 
(c) Heating System 
 
  
(d) Desiccator 
Figure 11. Materials description—microcalorimeter 
The experimental procedure utilized is summarized in the following steps: 
1. Prepared the binder solution and tested within 12 to 24 hours.  
2. Prepared aggregate vials with 8g of material (±0.01g). 
3. Pretreated the aggregate to dry condition or to the desired RH. 
4. Recorded aggregate weight before and after treatment. 
5. Set the materials in the microcalorimeter and allowed for the system to reach 
thermal equilibrium.  
6. Injected 4 ml of solution in the reference cell and 4 ml of solution in the 
reaction cell simultaneously. 
7. Recorded the heat flow over time. 
150°C
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2.2.5 Linear Viscoelastic Characterization of Asphalt Mixtures and Binders 
The evaluation of dynamic properties at a variety of frequencies and temperatures 
(e.g., modulus and compliance) is a common technique for VE characterization of asphalt 
binders and mixtures. The dynamic shear rheometer (DSR) was used to characterize the 
asphalt binder, while asphalt mixtures were tested in accordance with AASHTO TP-79 
using an asphalt mixture performance tester (AMPT). Test methods consisted of 
temperature and frequency sweeps to construct a master curve from the dynamic response; 
details on test temperatures and frequencies are provided in Table 5.   
Table 5. Experimental conditions—LVE characterization 
Material Temperature (°C) Frequency (Hz) Test Method 
Strain 
Level 
Asphalt 
Binder 
10, 20, 30 
35, 30, 25, 15, 10, 5, 
1, 0.5, 0.1 
DSR 8-mm 
plate 
1% 
rotation 
40, 50, 60, 70 
35, 30, 25, 15, 10, 5, 
1, 0.5, 0.1 
DSR 25-mm 
plate 
10% 
rotation 
Asphalt 
Mixture 
4, 20 25, 10, 5, 1, 0.1 AMPT 85–115  
40 
25, 10, 5, 1, 0.1, 
0.01 
AMPT 85–115  
 
 
 
Considering a thermorheological simple material, a time-temperature 
superposition was applied to the experimental data to define the material properties over 
a wider frequency range. The reference temperature was selected to be 20°C, and the time-
temperature shift is described in Equation (30). In addition, the optimization of the time-
temperature shift was performed by simultaneously fitting a simple sigmoidal 
smoothening function, described in Equation (31).  
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𝑙𝑜𝑔[𝑎(𝑇)] =  𝐶1𝑇
2 + 𝐶2𝑇 + 𝐶3 (30) 
𝑙𝑜𝑔|𝐷∗| =  𝛿 −
𝛼
1 + 𝑒𝛽+𝛾𝑙𝑜𝑔𝜔𝑟
 (31) 
where |𝐷∗| is the dynamic compliance, 𝑎(𝑇) is the temperature-dependent shift factor; 𝐶1, 
𝐶2, and 𝐶3 are fitting parameters; and 𝑇 is the test temperature (°C). In the sigmoidal 
smoothening, 𝜔𝑟 corresponds to the reduced frequency, and 𝛿, 𝛼, 𝛽, and 𝛾 are fitting 
parameters. The process of constructing a master curve is illustrated in Figure 12(a) for 
asphalt binder and Figure 12(b) for asphalt mixtures. Additional details on the 
optimization process were documented by Rahmani et al. (2013). The experimental 
conditions to characterize asphalt binders consisted of applying shear stress; therefore, the 
material properties were given in terms of shear compliance. When referring to asphalt 
binders, all the equations presented for mixtures followed the same form, but accurate 
notation required replacing compliance terms (𝐷) with shear compliance terms (𝐽) 
throughout.  
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(a) Asphalt Binder (20°C Reference Temperature) 
 
(b) Asphalt Mixture (20°C Reference Temperature) 
Figure 12. Construction of dynamic compliance master curve 
The mechanical behavior of mixtures and binders was represented by 
arrangements of mechanical analog models (Prony series), as shown in Figure 13 for an 
LVE solid (a) and LVE fluid (b). To obtain the model parameters with the Prony series, 
Equation (33) and Equation (34), and Equation (32) were fitted to the sigmoidal 
smoothening within the frequency range at which the experiments were conducted. 
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(a) Solid-Like LVE—Asphalt Mixtures 
 
(b) Fluid-Like LVE—Asphalt Binders 
Figure 13. Mechanical analog models 
|𝐷∗(𝜔)| = √𝐷′2 + 𝐷"2  (32) 
𝐷′(𝜔) =  𝐷0 + ∑
𝐷𝑖
(
𝜔
𝜆𝑖
)
2
+ 1
𝑛
𝑖=1
 
(33) 
𝐷"(𝜔) =  
1
𝜂𝜔
+ ∑
𝜔
𝜆𝑖
𝐷𝑖
(
𝜔
𝜆𝑖
)
2
+ 1
𝑛
𝑖=1
 
(34) 
where |𝐷∗(𝜔)| is the dynamic compliance; 𝐷′(𝜔) is the storage compliance; 𝐷"(𝜔) is the 
loss compliance; 𝐷𝑖 is the compliance terms (Kelvin springs); 𝜔 is the angular frequency; 
𝜆𝑖 is the retardation times (Kelvin dashpots); and 𝜂 is the viscosity of the Maxwell dashpot 
(infinity for a solid-like material).   
The model parameters 𝐷𝑖 and 𝜆𝑖 corresponded to those in Equation (7), Equation 
(8), and Equation (9), which were required at the material’s initial condition prior to 
applying Rahmani’s age-hardening model. Further details for calibrating the aging state 
variable (A) and the extension of the model to binder age-hardening are provided later in 
Section 2.3.3. The dashpot 𝜂 was considered for characterization of the binder only. 
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2.2.6 Chemical Composition by Fourier Transform Infrared Spectroscopy 
Chemical composition of asphalt binders can be assessed by experimental 
measurements with an attenuated total reflectance (ATR) Fourier transform infrared 
spectroscopy (FTIR), shown in Figure 14. Due to the simplicity and speed of the 
technique, FTIR has become a common practice in the study of asphalt oxidation. Several 
peaks at specific regions have been attributed to chemical compounds commonly found 
within asphalt binders before and after oxidative aging; the most common parameter to 
quantify binder aging is the carbonyl area (CA), which consists of the 1650- to 1820-cm–
1 band area with baseline at the magnitude of the absorbance at 1820 cm–1 (Liu et al. 1998). 
Other studies have considered the added carbonyl and sulfoxide peak height as a measure 
of binder aging. Absorbance data were collected over a frequency range of 400 cm–1 to 
4000 cm–1, and the regions of interest were evaluated. Table 6 presents a list of FTIR peaks 
attributed in previous studies to specific chemical compounds present in asphalt binders. 
 
Figure 14. ATR FTIR 
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Table 6. FTIR peaks attributed to chemical compounds in asphalt binders 
Peak (cm–1) Description Reference 
 
1700 
1700 
1730 
1725 and 1765 
 C=O 
Ketones 
Carboxylic acids dimer  
Carboxylic acids “free”  
Dicarboxylic anhydrides  
Petersen 2009 
1030 
 S=O 
Sulfoxides 
620 Sulfates 
Usmani 1997 
 
1320–1000 
Upshift baseline due to formation of 
sulfoxides, sulfones, and sulfates 
1180 Aliphatic sulfur–containing groups 
1350–1300 
1160–1140 
Sulfones 
Thomas et al. 2006 1210–1150 
1060–1030 
650 
Sulfonic acids 
2953 as CH3 X, CH3 Aryl 
Lamontagne et al. 
2000 
2923 as CH2, CH3 
2862 s CH2, CH3 
1460 as CH2, CH3 
1376 s CH3 Methyl  
724 r(CH2n) 
1600  C=C 
864, 814, 743  CH aromatics 
930 and 870 
Presence of trichloroethylene in 
extracted binders 
Farrar et al. 2015 
966 
Transdisubstituted –CH=CH= 
(butadiene block) 
Larsen et al. 2009 
748 
C-H aromatic monosubstituted  
(styrene block)  
690 
C-H aromatic monosubstituted  
(styrene block) 
721 C-H aromatic  
995 C-H (terminal vinyl) styrene-
butadiene-styrene (SBS)
Cortizo et al. 2004 
910 
700 
965 
SBS polymer Lu and Isacsson 1998 
723 Wax Robertson et al. 2001 
: stretching;: in-plane bending: out-of-plane bending  
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2.3 Research Tasks 
Research tasks described in this section are specific to achieving each objective of study. 
2.3.1 Effects of Warm-Mix Asphalt on Surface Free Energy and Potential for 
Moisture Damage 
This task explored the effect of WMA technologies, additive dosages, and 
laboratory aging in the binder SFE characteristics and the asphalt binder-aggregate 
adhesive bond. SFE parameters and compatibility of binder-aggregate systems were then 
compared to results from mechanical characterization of moisture damage for FAMs. The 
experimental plan to accomplish Objective 1 is shown in Figure 15. The USD was utilized 
to characterize SFE components of the aggregates. Measurements were conducted using 
the Wilhelmy plate methodology for determining SFE components of asphalt binders 
before aging and after RTFOT plus 20 hours of PAV aging. The effect of WMA additives 
was evaluated with both PG 76-22 and PG 64-22 binders. The effect of additive dosage 
was only explored for PG 64-22 binder (i.e., the dosage recommended by the manufacturer 
plus one higher and one lower value). Data analysis focused on work of cohesion 
(Equation 4), work of adhesion (Equation 2), and ER (Equation 5) to evaluate the potential 
for moisture damage with WMA additives before and after laboratory aging. 
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Figure 15. Experimental matrix—Objective 1 
Mechanical testing was conducted to characterize moisture damage (before and 
after aging) affecting crack growth in the FAM specimens. Moisture susceptibility was 
quantified by an MSR and a DMR, parameters that are detailed in Equation (19) and 
Equation (22), respectively. A total of 20 mixtures in both unaged and aged conditions 
was tested, as detailed in Figure 15. Moisture damage was induced by conditioning the 
specimens under a vacuum for 3 hours, reaching saturation levels of 70% to 80%. The 
average percent of air voids of the FAM test specimens was less than 3%. The aging 
process consisted of placing the large, 150-mm SGC specimens in a temperature-
controlled room (60°C) for 3 months, followed by coring the 25mm specimens after aging. 
The same moisture conditioning protocol was applied to the aged samples. 
 
SFE
Aggregates Binders
PG 64-22
PG 76-22 PG 64-22
3 dosages per 
WMA additive
FAM DMA
• Dry
• Moisture Conditioned
• No Aging
• 3M@60 C
HMA Control
No Aging
RTFOT+PAV
WMA Sasobit
WMA Evotherm
WMA Rediset
Gabbro
Limestone
1
2
WMA Foaming
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2.3.2 Effects of Temperature and Moisture on Binder-Aggregate Interfacial Bonding  
In order to evaluate the effects of temperature and moisture on the asphalt binder-
aggregate interfacial bond, the following subtasks were accomplished: 
1. Developed a simple methodology capable of evaluating asphalt binder-
aggregate interfacial bonding over the in-service temperature range. 
2. Evaluated the effect of binder modification and use of alternative mineral 
aggregates on binder-aggregate adhesion over the range of in-service 
temperatures. 
3. Measured asphalt binder-aggregate adhesion with moisture at the interface. 
4. Provided recommendations to assess moisture damage based on 
microcalorimetry experiments.   
The experimental variables considered include WMA binder modifications, two 
aggregates, various temperatures, and moisture conditioning, as detailed in Table 7. 
Table 7. Experimental variables 
Solution Aggregate 
Test  
Temperature (°C) 
Moisture 
Condition 
Subtasks 
PG 64-22 
Control 
Gabbro, 
Limestone 
10, 20, 35, 50 Dry 1, 2 
WMA 
Rediset 
Gabbro, 
Limestone 
10, 20, 35, 50 Dry 1, 2 
WMA 
Sasobit 
Gabbro, 
Limestone 
10, 20, 35, 50 Dry 1, 2 
PG 64-22 
Control 
Gabbro, 
Limestone 
20 
Dry, RH 33%, 
76%, 100% 
3 
Water 
Gabbro, 
Limestone 
20 Dry 
3 
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Revisiting classical thermodynamic equations (Wilson 1966, McPhail and Cooper 
1997), the energy available to do work (∆𝐺) can be described as a function of the enthalpy 
(∆𝐻) and entropy of the system (∆𝑆) varying with temperature (𝑇), considering a system 
at constant pressure, as described by Equation (35). The enthalpy (∆𝐻) corresponds to the 
total heat produced during a process. The term T∆𝑆 is related to molecular mobility; it can 
be visualized as a measurement of disorder in the system, and it represents energy that is 
not available to do work. Considering a system at constant pressure, the change in enthalpy 
(∆𝐻) with temperature is given by the heat capacity (∆𝐶𝑃), as described by Equation (36). 
The temperature-dependent enthalpy and entropy in a system at constant pressure can be 
calculated from the heat capacity (∆𝐶𝑃) and known properties at a reference temperature 
(𝑇𝑟𝑒𝑓), as described by Equations (37) and (38).  
∆𝐺(𝑇) = ∆𝐻(𝑇) −  𝑇∆𝑆(𝑇) (35) 
∆𝐶𝑃 =
𝑑(∆𝐻)
𝑑𝑇
 (36) 
∆𝐻(𝑇) = ∆𝐻𝑟𝑒𝑓 + ∫ ∆𝐶𝑃𝑑𝑇
𝑇
𝑇𝑟𝑒𝑓
 (37) 
∆𝑆(𝑇) = ∆𝑆𝑟𝑒𝑓 + ∫
∆𝐶𝑃
𝑇
𝑑𝑇
𝑇
𝑇𝑟𝑒𝑓
 (38) 
If the heat capacity (∆𝐶𝑃) is assumed to be constant within a limited temperature 
range, then Equations (37) and (38) can be simplified into Equations (39) and (40). Then, 
the expression for a temperature-dependent ∆𝐺 in Equation (35) can be rewritten into 
Equation (41).  
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∆𝐻(𝑇) = ∆𝐻𝑟𝑒𝑓 + ∆𝐶𝑃(𝑇 − 𝑇𝑟𝑒𝑓) (39) 
∆𝑆(𝑇) = ∆𝑆𝑟𝑒𝑓 + ∆𝐶𝑃𝑙𝑛 (
𝑇
𝑇𝑟𝑒𝑓
) (40) 
∆𝐺(𝑇) = ∆𝐻𝑟𝑒𝑓 + ∆𝐶𝑃(𝑇 − 𝑇𝑟𝑒𝑓) −  𝑇 (∆𝑆𝑟𝑒𝑓 + ∆𝐶𝑃𝑙𝑛 (
𝑇
𝑇𝑟𝑒𝑓
)) (41) 
Considering the experimental measurements for asphalt binder-aggregate systems 
by heat of immersion or contact angle methods, the enthalpy of immersion (∆𝐻) and work 
of adhesion (∆𝐺) were given in terms of energy by area of contact (erg/cm2). In a similar 
manner, the heat capacity calculated from the enthalpy of immersion (∆𝐻) was given in 
units of energy by area per degree Kelvin (erg/cm2K); therefore, it was referred to as a 
specific heat capacity. Typical experimental results for asphalt binder-aggregate systems 
are presented in Figure 16, showing the linear fit and determination of the specific heat 
capacity. This process enabled calculation of enthalpy at any given temperature from 10°C 
to 50°C (283K to 323K) by Equation (39). 
  
Figure 16. Specific heat capacity 
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In order to obtain ∆𝑆𝑟𝑒𝑓, it was required to measure or estimate ∆𝐺 at one reference 
temperature (Gref). For asphalt binder-aggregate systems, the work of adhesion (∆𝐺𝐴𝑆) is 
commonly calculated based on binder and aggregate SFE components, as described in 
Equation (2), at one room temperature. Previous studies on binder-aggregate adhesion 
based on microcalorimetry have assumed that ∆𝐺 can be approximated to half the enthalpy 
of wetting (H) at room temperature (Bhasin and Little 2009). The estimation of ∆𝐺𝑟𝑒𝑓 =
1
2
∆𝐻 at 300K was originally proposed by Douillard et al. (1995), who reported the 
assumption to be reasonable based on experimental measurements of pure minerals and 
probe vapors. Both methodologies were considered in this study when modeling 
temperature-dependent binder-aggregate ∆𝐺, and results were compared and are 
discussed. 
Additional experiments were conducted with respect to aggregate-water affinity: 
(1) measuring the total enthalpy of immersion when water was wetting the aggregate 
surface and (2) measuring binder-aggregate heat of immersion with moisture uniformly 
distributed at the aggregate surface. The testing procedure was the same as previously 
described, with the only variant being preconditioning aggregates at 33%, 76% and 100% 
RH until constant weight was reached.  
2.3.3 Age-Hardening of Asphalt Mixtures and Binders  
In this task, the aging state variable (A) was calibrated for a total of 20 asphalt 
mixtures, including WMA modifications within two aggregate sources, as detailed in 
Figure 17. In addition, a subset of asphalt binders was extracted and recovered at different 
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aging conditions, as indicated in Figure 17, for mechanical and chemical characterization. 
The LVE behavior of the binders at different aging stages was evaluated, and its 
contribution to the aging state variable of the asphalt mixture was established. It is 
important to highlight that the extraction and recovery process ensured that the binder 
aging stage corresponded to that from the mixture. Any contribution of the aggregate type 
to the oxidation process could be inferred from the relative difference of binder stiffness 
keeping all mixture variables constant, but with different aggregate types. 
 
Figure 17. Experimental matrix—Objective 3 
To quantify age-hardening of asphalt mixtures, the dynamic LVE response of the 
mixtures was evaluated using the AMPT at three stages: initial condition and after 3 
months and 6 months of LTOA at 60°C. Compliances and retardation times were defined 
for the material at its initial condition, as previously detailed in Section 2.3.5. The aging 
state variable (A) was taken as a means to transition the LVE material properties to a given 
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WMA Sasobit
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aged condition (i.e., 3 months and 6 months of aging), as detailed in Equation (8) and 
Equation (9), for compliances and retardation times, respectively. Based on the 
experiments reported by Rahmani (2015) and the 20 mixtures characterized at three aging 
conditions in this study, it was determined that the dynamic response of asphalt mixtures 
with aging could be fitted considering the parameters k1 and k2to be equal to 1. The A 
parameter was utilized in this study to quantify the degree of age-hardening experienced 
by one particular asphalt mixture during a specific aging condition; therefore, statistical 
meaningfulness for the fitting parameter was required.  
In order to fit the A parameter, an optimization process was conducted with the 
Microsoft® Excel® Solver by minimizing the function described in Equation (42). The 
optimization add-in called “functions” (Jensen 2004) was utilized to obtain the Hessian 
matrix involved in the optimization of A. When minimizing the error function, the 
diagonal of the inverse of the Hessian matrix (which is a scalar for this case) was used to 
calculate a standard error (SE) for fitted parameter A (Equation (43)). Equation (44) was 
used to determine the confidence interval (CI) for A, where ?̂? corresponds to the value 
obtained by optimization, the Z value corresponds to the desired confidence level (i.e., 
1.96 for = 0.05) and the estimated SE, as shown in Equation (43). The statistical 
meaningfulness for the A parameter relies on the estimation that ?̂? would land within that 
calculated interval 95% of the time. The assumptions behind this statistical approach 
include (1) ?̂? is a maximum likelihood estimate, and it is asymptotically normally 
distributed, and (2) the errors are normally distributed. Given the complexity of the Prony 
equations and the optimization function, validating such assumptions would constitute a 
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research project on its own. An example of the fitting materials LVE response with aging 
is given in Figure 18, where the markers are experimental data and the continuous lines 
are the modeled response. 
𝐸𝑟𝑟𝑜𝑟 =  ∑ [(
𝐷′𝐹𝑖𝑡
𝐷′𝐸𝑥𝑝
− 1)
2
+ (
𝐷"𝐹𝑖𝑡
𝐷"𝐸𝑥𝑝
− 1)
2
] × 100 (42) 
𝑆𝐸 = √
1
𝐻
 (43) 
𝐶𝐼(𝐴) = ?̂? ± 𝑍𝑆𝐸  (44) 
 
Figure 18. LVE characterization of aged asphalt mixtures 
The model proposed by Rahmani (2015) does not incorporate the viscosity term in 
the Prony model, as his study comprised exclusively asphalt mixtures. In order to account 
for change in viscosity of asphalt binders with aging, this study incorporated one 
additional aging variable, 𝐴2, which affects viscosity, as described by Equation (45). Note 
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that the A from Equation (8) and Equation (9) was denominated 𝐴1 for the case of asphalt 
binder. The fitting of 𝐴1 was performed using the storage compliance (J’), which was not 
affected by the viscosity term (𝜂), as described in Equation (33) . Upon fitting 𝐴1, the only 
variable left in Equation (34) for the case of asphalt binder was 𝜂, for which 𝐴2 was 
optimized. The statistical approach for CIs with 𝐴1 and 𝐴2 was similar to that for asphalt 
mixtures considering Equation (46) and Equation (47) when minimizing the error. 
𝜂𝐴 =
𝜂
(1 − 𝐴2)
 (45) 
𝐸𝑟𝑟𝑜𝑟 𝐴1 =  ∑ [(
𝐽′𝐹𝑖𝑡
𝐽′𝐸𝑥𝑝
− 1)
2
] × 100 (46) 
𝐸𝑟𝑟𝑜𝑟 𝐴2 =  ∑ [(
𝐽"𝐹𝑖𝑡
𝐽"𝐸𝑥𝑝
− 1)
2
] × 100 (47) 
 
Figure 19. LVE characterization of aged asphalt binders 
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In addition to the mechanical model proposed in this study, one common approach 
for characterization of binder age-hardening was considered, the Glover-Rowe (GR) 
approach. The mechanical concept within this approach is to plot in the black space (phase 
angle versus log dynamic shear modulus) the material LVE response for one temperature 
and frequency (i.e., 15°C at 0.005 rad/sec). This approach illustrates the increased stiffness 
and loss of phase angle in the asphalt with aging, similar to the mechanism captured by 
the outdated ductility test for asphalt binders (ASTM D113). Empirical observations for 
aged pavements in a Pennsylvania climate (PG 58-28) allowed for development of 
ductility thresholds defining the binder ductility condition at which (1) damage starts and 
(2) cracks propagate extensively (Kandhal 1977). Such thresholds could be used in binder 
specifications to assess long-term durability. Cognizant of the value of the ductility 
parameter, Glover et al. (2005) correlated ductility to a DSR-based parameter (G’/’/G’), 
which enabled researchers to convert Kandhal’s ductility thresholds into the black-space 
approach (Anderson et al. 2011, King et al. 2012); this strategy is being adopted at a fast 
pace within the pavement community.  
Finally, binder chemistry was explored from a qualitative technique (FTIR) from 
which CA and sulfoxide peaks were compared for the binders aged at various conditions. 
A thorough comparison among binder and mixture age-hardening processes is provided, 
with consideration of mechanics, rheology, and chemistry. 
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CHAPTER III  
EFFECTS OF WARM-MIX ASPHALT AND AGING ON SURFACE FREE ENERGY 
AND POTENTIAL FOR MOISTURE DAMAGE 
 
The surface free energy (SFE) approach has proved effective in ranking binder-
aggregate compatibility and mixture performance in relation to moisture damage, as well 
as providing useful information for performance modeling (Little and Bhasin 2006, Caro 
et al. 2008a). This chapter reports the findings and conclusions from evaluating the effect 
of WMA additives and laboratory aging on SFE characteristics with mechanical 
validation.   
A portion of this chapter will be published in a special edition of Road Materials 
and Pavement Design for the 2016 meeting of the Association of Asphalt Pavement 
Technologists (Garcia Cucalon et al. 2016a).  
3.1 Surface Free Energy of Asphalt Binders 
This section describes the effects of WMA additives, additive dosage, and aging 
on the SFE characteristics of asphalt binders. The wettability of the binder over the 
aggregate fraction and ease of production are discussed, with consideration of binder SFE 
or surface tension (Equation 1). Decreasing the surface tension of the asphalt binder 
facilitates the binder spreading over the surface of the aggregate during production, 
resulting in better coating (Osmari et al. 2015). Additionally, the effect of laboratory aging 
(RTFOT plus 20 hours of PAV aging) was evaluated in terms of changes in the cohesion 
work within the asphalt binder (Equation (4)). Previous studies have stated that, in the case 
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of a binder with higher cohesive bond energy, more work is required for a crack to 
propagate within the asphalt binder and that a reduction in cohesion work due to oxidative 
aging implies deterioration of the fracture properties of asphalt binders (Bhasin et al. 
2007). 
Surface tension of asphalt binders is presented in Figure 20. Results showed that 
including WMA additives can decrease surface tension of asphalt binders for certain 
binder-additive combinations, but this is dependent on additive dosage. At production 
temperatures, these results imply that WMA additives can reduce surface tension, thereby 
enabling reduction in production temperatures. Nevertheless, the measurements reported 
within this chapter were taken at room temperature (approximately 20°C), and the surface 
tension of a material is temperature-dependent. Thus, the rankings of asphalt binders with 
lower or higher surface tension may not prevail at production temperatures for HMA and 
WMA. Note also that for both PG binders, modification with WMA Sasobit (nonsurfactant 
organic wax) resulted in the largest reduction in surface tension, which is consistent with 
the findings reported by Osmari et al. (2015) at production temperatures.   
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Figure 20. Surface tension of unaged asphalt binders  
Current methodologies to evaluate SFE characteristics of asphalt binders and 
aggregates do not account for experimental variability (i.e, variability in measuring 
contact angles, spreading pressures, or SSA) when calculating material properties by 
Equations (1) to (5). There are complexities involved in accounting for the SE of material 
properties calculated from several experimentally determined values. The standard 
deviation for SFE components was estimated from the least-squares optimization when 
solving for 𝑥1, 𝑥2, and 𝑥3 in Equation (11). Average values for SFE components and 
standard deviations are reported in Table 8, showing that variations were small.  
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Table 8. SFE components of asphalt binders 
Unaged Binders 
Binder Type 
SFE Standard Deviation 
LW Acid Base Total LW Acid Base 
P
G
 6
4
-2
2
 
Control 40.5 0.4 28.6 47.4 0.9 0.1 1.3 
Sasobit 1.5% 36.4 0.3 38.1 43.4 0.8 0.1 2.0 
Sasobit 2.0% 40.0 0.1 29.3 44.0 0.5 0.0 1.1 
Sasobit 3.0% 41.0 0.1 28.7 44.4 0.6 0.0 1.5 
Evotherm 0.25% 45.5 0.5 25.4 52.7 0.6 0.1 1.2 
Evotherm 0.50% 44.7 0.1 24.3 48.5 0.9 0.1 0.8 
Evotherm 0.75% 43.3 1.2 13.4 51.2 0.7 0.1 0.7 
Rediset 0.25% 39.1 1.1 13.1 46.6 0.7 0.1 0.6 
Rediset 0.50% 40.0 1.4 8.9 46.9 0.6 0.1 0.7 
Rediset 0.75% 38.4 1.1 8.5 44.7 0.6 0.1 0.6 
P
G
 7
6
-2
2
 Control 45.9 0.1 33.0 49.4 0.8 0.0 1.4 
Sasobit 2.0% 41.8 0.0 30.0 43.6 0.6 0.0 1.1 
Evotherm 0.5% 43.0 0.3 25.9 48.1 0.7 0.1 1.0 
Rediset 0.5% 43.9 1.1 12.5 51.4 0.6 0.1 0.8 
RTFOT + 20 hours PAV-Aged Binders 
Binder Type 
SFE Standard Deviation 
LW Acid Base Total LW Acid Base 
P
G
 6
4
-2
2
 
Control 40.5 0.4 7.9 44.2 0.6 0.1 0.6 
Sasobit 1.5% 40.5 0.5 19.3 46.5 0.8 0.1 1.0 
Sasobit 2.0% 41.5 0.4 9.1 45.1 0.7 0.1 1.0 
Sasobit 3.0% 39.7 0.1 10.3 41.5 0.5 0.0 0.7 
Evotherm 0.25% 41.4 0.5 11.6 46.4 0.7 0.1 1.2 
Evotherm 0.50% 40.2 0.2 19.0 44.2 0.7 0.1 1.9 
Evotherm 0.75% 41.0 0.4 11.7 45.1 0.7 0.1 0.6 
Rediset 0.25% 41.4 0.3 9.1 44.4 0.6 0.1 0.6 
Rediset 0.50% 40.1 0.3 10.5 43.6 0.7 0.1 0.8 
Rediset 0.75% 35.0 1.1 7.8 40.8 0.5 0.1 0.5 
P
G
 7
6
-2
2
 Control 43.9 0.5 15.7 49.7 0.6 0.1 1.0 
Sasobit 2.0% 40.5 0.4 11.7 44.8 0.6 0.1 0.6 
Evotherm 0.5% 43.5 0.4 21.0 49.5 0.6 0.1 1.3 
Rediset 0.5% 45.2 0.5 22.8 52.2 1.0 0.1 1.3 
 
 
 
Figure 21 presents cohesive bond energies of asphalt binders with WMA additives 
before and after laboratory aging. Note that the legend “PAV” in Figure 21 refers to the 
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standard RTFOT plus 20 hours of PAV aging, which is the case for all figures herein. 
Considering the unaged binders, the PG 76-22 binder had higher cohesive bond energies 
than the PG 64-22 for the HMA control case and the WMA Rediset case. After PAV aging, 
the cohesive bond of the PG 64-22 binder decreased for most cases, while the polymer-
modified materials did not exhibit signs of degradation with aging. These results are 
consistent with general experience that polymer modifications may improve the fracture 
resistance of asphalt binders before and after long-term aging. It is possible that further 
aging may degrade the cohesive bond strength of the polymer-modified binders. It is 
important to highlight that both binders PG 64-22 and PG 76-22 utilized in this study were 
of the same crude source and chemical nature, with differences introduced by the polymer 
modifications, as will be discussed in more detail based on FTIR data in Chapter V. 
Rheological and chemical changes with binder aging are also discussed in Chapter V. 
 
Figure 21. Effect of aging on cohesive bond energy of asphalt binder 
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To better understand the changes in cohesive bonds with aging, SFE components 
of asphalt binders were compared before and after aging with consideration of 
experimental variability. Figure 22 shows the change in nonpolar (a), acid (b), and base 
(c) components of SFE with laboratory aging; error bars represent the standard deviation 
from fitted SFE components. The nonpolar, or LW, component (Figure 22a) exhibited 
minor changes with the inclusion of Rediset and Sasobit WMA additives or with aging. 
Inclusion of the Evotherm WMA additive and polymer modification increased the LW 
SFE component. The acid (Figure 22b) and base (Figure 22c) SFE components exhibited 
proportionally larger changes with technological modifications and with aging, explaining 
the differences observed in SFE and work of cohesion. The acid component was a very 
small value for all cases, but it still had great impact on the total contribution of polar 
components to SFE (Equation 1). The acid component did not show consistent trends with 
aging, as it may increase or decrease depending on binder type and technological 
modification. On the other hand, the base component mostly decreased with aging for the 
PG 64-22 binder and increased for the 76-22 binder. Common oxidation products, ketones 
and sulfoxides, are weak bases (Branthaver et al. 1993) and are also reported to absorb 
strongly to the aggregate surface and easily desorb in the presence of water (Curtis et al. 
1993). It is important to highlight that total SFE is not a measurement of independent 
compounds, but the net free energy on the surface of the binder. Though it is possible that 
the observed changes in binder polar SFE components could have been caused by 
formation of oxidation products, binder aging also implies volatilization of low-
molecular-weight hydrocarbons, contributing to the overall change in binder polarity. 
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Also, in the case of the PG 76-22 binder, the polymer may have undergone additional 
chemical changes with aging. 
 
(a) Nonpolar SFE component 
 
(b) Acid SFE component 
Figure 22. Effect of aging on SFE components in asphalt binder 
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(c) Base SFE component 
Figure 22. Continued  
3.2 Asphalt Binder-Aggregate Compatibility 
Compatibility among constituents is a relevant factor in evaluating moisture 
damage. This section reports the effect of WMA additives interacting with two different 
aggregate types. The binder-aggregate work of adhesion (Equation (4)) and ER (Equation 
(5)) were calculated before and after laboratory aging. The SFE components of the 
aggregate were calculated from spreading pressure and SSA; the standard deviations from 
experimental measurements are given in Table 9. 
. 
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Table 9. Spreading pressure and SSA of aggregates 
Aggreg
ate 
Probe 
Vapor 
Spreading 
Pressure 
(erg/cm2) 
SSA (m2/g) 
SFE (erg/cm2) 
 
Avg. 
Std. 
Dev. 
Avg. 
Std. 
Dev. 
LW Acid Base Total 
Limesto
ne 
Water 261.78 23.18 3.73 0.41 
69.35 0.28 1075.40 104.18 N-Hexane 33.75 2.67 2.26 0.19 
MPK 37.65 5.17 2.36 0.22 
Gabbro 
Water 743.80 20.72 3.77 0.10 
57.37 3.34 6277.96 346.85 N-Hexane 28.18 1.20 0.58 0.03 
MPK 44.04 4.57 0.67 0.09 
 
 
 
The binder-aggregate work of adhesion is presented Figure 23 for all binder 
modifications in combination with both aggregate types. A higher work of adhesion was 
observed for binders in combination with gabbro aggregates for all cases due to the high 
polarity observed in the gabbro aggregates from SFE measurements. Work of adhesion, 
as defined by Equation (2), considers polar and nonpolar components of binders and 
aggregate; the gabbro evaluated in this study had an extremely large base component 
(Table 9), which, multiplied by the small acid component in the binder, still contributed 
largely to the total work of adhesion. The increased polarity of the gabbro can be attributed 
to metals present in the surface of the gabbro aggregates (Table 3). For both limestone and 
gabbro aggregates in combination with both PG binders, the inclusion of WMA 
technologies with adhesion promoters improved the binder-aggregate bond (i.e., Rediset 
and Evotherm). On the other hand, inclusion of Sasobit resulted in decreased bonding, 
becoming more obvious as the additive dosage was increased (PG 64-22). 
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Figure 23. Adhesive bond energy  
Highly polar aggregates are also highly hydrophilic; therefore, the potential for 
moisture damage in asphalt mixtures is greater (Miller et al. 2011, Miller et al. 2012). 
Similar to the binder-aggregate work of adhesion, the work of debonding (Equation (3)) 
quantified thermodynamic potential for water to displace asphalt binder from the 
aggregate surface. The ER parameter described in Equation (5) consisted of an SFE-based 
approach for ranking asphalt mixture performance considering moisture susceptibility; it 
considered the work of adhesion, work of cohesion, and work of debonding. The ER 
parameter for each binder-aggregate combination in this study is reported in Figure 24a. 
The inclusion of WMA additives with adhesion promoters can reduce the potential for 
moisture damage in asphalt mixtures, and additive dosages should be optimized for best 
performance. It was also evident that limestone had higher ER as compared to gabbro in 
combination with any of the binders considered in this study. Total SFE of the gabbro had 
a predominant polar SFE components (Table 9); therefore, gabbro resulted in greater work 
of debonding  compared with limestone (Equation (3)). 
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All SFE parameters were given in units of energy by area (erg/cm2). In order to 
account for the surface area of interaction, it is recommended to multiply ER by each 
aggregate’s SSA when comparing various aggregate types (Bhasin et al. 2006, Little and 
Bhasin 2006). The values in Figure 24a were multiplied by the SSA (n-hexane) of the 
aggregates, as reported in Table 9, for limestone and gabbro. Results are presented in 
Figure 24b, highlighting that the limestone aggregates were less likely to experience 
moisture damage.  
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(a) ER 
 
(b) ER×SSA (n-hexane) 
Figure 24. ER 
The effect of binder aging on binder-aggregate adhesive properties is presented in 
Figure 25a and Figure 25b for gabbro and limestone, respectively. In most cases, the 
binder-aggregate work of adhesion was reduced with binder PG 64-22 (except Sasobit) 
and was increased with binder PG 76-22 (except Rediset).   
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(a) Gabbro 
 
(b) Limestone 
Figure 25. Adhesive bond with aging 
To consider long-term potential for moisture damage, the changes in ER with 
aging are presented in Figure 26a and Figure 26b for gabbro and limestone, respectively. 
ER can increase or decrease upon binder aging, depending on the binder, WMA additive, 
and additive dosage, while trends are comparable among aggregate type. Based on the 
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results observed from varying Rediset dosage with binder PG 64-22, it is possible that 
long-term efficacy of the adhesion promoters depends on additive dosage. 
 
(a) Gabbro 
 
(b) Limestone 
Figure 26. ER with aging 
Selection of more compatible binder-aggregate combinations should be carefully 
performed. Selection of aggregates is often restricted by the cost of hauling distances, 
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while the engineer can select among various adhesion promoters and optimize the dosage 
for best performance with consideration of long-term asphalt binder properties. 
It is important to reiterate that this study considered only one laboratory long-term 
aging process. Additionally, when absorptive aggregates are utilized (e.g., limestone), it 
is possible that the binder-aggregate compatibility evaluation with aging is not valid. It 
has been previously suggested that if selective absorption were to occur, the experimental 
characterization of binder and aggregate SFE should be representative of such a condition. 
The SFE components of the aggregate should be measured upon absorption of the lighter 
compounds from the asphalt binder, followed by evaluation of SFE components of the 
“incomplete” binder surrounding the aggregate (Luo and Lytton 2012). Experimental 
conditions for such a case could be extremely difficult to achieve, and ensuring validity of 
the experimental method would constitute a research project on its own; therefore, it was 
not considered in this study.  
3.3 Mechanical Evaluation of Moisture Damage 
Mechanical evaluation was conducted to assess the effect of moisture damage and 
aging in terms of crack propagation within the FAM portion of an asphalt mixture. Later, 
results are compared to SFE parameters. The crack growth index (∆R) calculated from 
Equation (18) for all test specimens at different conditions is presented in Figure 15. Figure 
27a and Figure 27b show examples of the change in crack growth index increasing with 
number of load cycles under dry and wet conditions, respectively. As one would expect, 
∆R in the wet condition was higher (more damage) than in the dry condition. Moisture 
accelerated the crack growth as it weakened the bond between aggregates and binders. For 
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further synthesis of the large dataset considered in this study, the crack radius (R) at 5000 
load cycles was selected as an indicator parameter. The wet/dry ratio was utilized to assess 
the effect of moisture-induced damage (Equation (19)). 
 
(a) Dry 
 
(b) Moisture-Conditioned 
Figure 27. Example results of aged limestone: crack radius vs. load cycles 
Results from the fatigue test and moisture susceptibility evaluation are summarized 
and presented in Figure 28 to Figure 31. Arrows on the bar graphs indicate that the 
obtained values exceeded the limit set by the corresponding y-axis. 
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Results for the FAM specimens prepared using gabbro aggregates are presented in 
Figure 28 and Figure 29. Before aging (Figure 28a), most WMAs with PG 64-22 in the 
dry condition showed increased susceptibility to fatigue cracking compared to HMA, and 
WMA Evotherm exhibited the fastest crack growth. In terms of moisture susceptibility, 
HMA was less susceptible to moisture damage compared to any WMA. Considering the 
polymer-modified binder PG 76-22, WMA Rediset performed similarly to HMA before 
and after moisture conditioning. After aging (Figure 28b), WMA mixtures with binder PG 
64-22 exhibited improved resistance to moisture damage. For binder PG 76-22, WMA 
foaming exhibited improved fatigue-cracking resistance after aging in both dry and wet 
conditions. The foaming technology uses water to increase the volume of asphalt binder 
to provide better coating at lower temperatures, so WMA foaming may hold some 
moisture after compaction. The authors believe that aging of WMA foaming helped to 
release any such moisture, promoting better adhesion between the asphalt binder and 
aggregates. On the other hand, WMA Sasobit and Evotherm exhibited sudden failure after 
aging when evaluated at the same strain level; therefore, these mixtures could not be 
compared in a moisture-conditioned state, and results are not available in Figure 28b and 
Figure 29.  
These results indicate that the performance of some WMAs may be improved upon 
aging, in agreement with previous studies reporting increased stiffness and improved 
resistance to moisture damage in WMA with laboratory and field aging (Yin et al. 2014b, 
Garcia Cucalon et al. 2015).  
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a) Unaged 
 
b) Aged 
Figure 28. Crack growth—gabbro. 
MSR was calculated to quantify the effect of moisture damage (Equation (19)). 
The larger the MSR was, the greater the moisture susceptibility was. Figure 29 shows the 
MSR for gabbro materials before and after aging. For the 64-22 binder, most WMAs 
exhibited a reduction in MSR after aging, with the exception of WMA Rediset, implying 
that aging improves the moisture damage resistance of some WMAs. It should be 
highlighted that WMA Rediset exhibited a reduction in ER (Figure 26) after PAV aging. 
A reduction in ER indicates reduced resistance to moisture damage, which is consistent in 
this case with the mechanical testing. For the PG 76-22 binder, aging was found to 
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aggravate the moisture susceptibility for all WMAs, except foaming, which showed slight 
improvement in moisture damage resistance after aging. 
 
Figure 29. MSR at 5000 cycles—gabbro 
The crack growth indexes for limestone mixtures are reported in Figure 30 and 
Figure 31. Mixtures composed of limestone with unaged PG 64-22 binder (Figure 30a) in 
the dry condition showed that HMA and WMA Sasobit experienced faster deterioration 
than other WMA technologies represented herein. Upon moisture conditioning, WMA 
Sasobit deteriorated the fastest.  
In general, results in Figure 28 (gabbro) and Figure 30 (limestone) show that the 
PG 76-22 binder performed better compared to the unmodified binder (PG 64-22) in the 
dry condition, highlighting the effectiveness of polymer modification in reducing the 
potential for fatigue damage before and after aging. 
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a) Unaged 
 
b) Aged 
Figure 30. Crack radius at 5000 load cycles—limestone 
 
Figure 31. MSR at 5000 cycles—limestone 
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The MSR for limestone mixtures (Figure 31) indicated a generally lower moisture 
sensitivity when the polymer-modified binder was utilized, with the exception of WMA 
Rediset. Aging had less effect for limestone materials versus gabbro materials.  
3.4 Surface Free Energy and Moisture Damage 
The ER parameter was used as an SFE-based indicator for moisture damage 
(Equation (5)). This parameter was multiplied by the SSA of each aggregate and plotted 
against the corresponding indicators from mechanical testing. The DMR (Equation (23)) 
consisted of an indicator of the retained mechanical property after the moisture condition, 
for which values were always smaller than 1. The MSR from Equation (19) (wet/dry ∆𝑅) 
was always larger than 1, given that the crack growth was larger in the wet condition. For 
ease in comparing both parameters, the MSR was presented as dry/wet ∆𝑅. A 20% loss in 
mechanical integrity is commonly accepted due to moisture conditioning, resulting in an 
80% retained mechanical property (i.e., strength and/or stiffness). 
The relationship between ER×SSA and the mechanical indicators of moisture 
susceptibility are presented in Figure 32 and Figure 33. The DMR (Figure 32) showed 
gabbro results to be scattered, but the trend of higher ER, implying better resistance to 
moisture damage, was consistent. For limestone mixtures, most combinations reported 
good performance in mechanical testing, except for the WMA Sasobit with binder PG 64-
22, which fell beneath the 0.8 threshold. The limestone mixtures also exhibited 
significantly higher values of ER×SSA. 
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Figure 32. DMR at 1000 cycles vs. ER 
The relationship of ER and MSR is presented in Figure 27. Results demonstrated 
that MSR tended to increase with an increase in ER. For limestone aggregates, a generally 
good performance was observed, also with higher ER values. 
 
Figure 33. MSR at 5000 cycles vs. ER 
ER quantifies the adhesion between asphalt binders and aggregates when their 
interface is completely dry and when it is wet. Thus, this ratio does not account for any 
residual or entrapped moisture at the interface (partially wet) due to inadequate aggregate 
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drying or using moisture or water, as in the foaming technology. In addition, ER is used 
as a performance indicator and should not be used solely as a performance tool. Other 
parameters such as VE properties and tensile strength should be considered along with 
energy parameters to fully evaluate performance (Masad et al. 2008, Kassem et al. 2011). 
Further analysis was conducted to assess the effect of aging on binder surface 
characteristics and implications on moisture susceptibility. PAV was utilized as a 
qualitative representation of binder aging. The percent changes in calculated adhesive 
bond energy with aging versus the percent change in FAM mechanical indicators of 
moisture susceptibility are plotted in Figure 34. The mechanical parameters evaluated 
were DMR (Equation (23)) and MSR (Equation (19)) on the basis of stiffness and crack 
growth. Mechanical changes, in terms of moisture susceptibility, trended in the same 
direction, as dictated by the surface characteristics for most mixtures. 
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(a) Adhesive Bond Energy vs. DMR 
 
(b) Adhesive Bond Energy vs. MSR at 5000 Cycles 
Figure 34. Change in moisture susceptibility parameters with aging. 
The aging protocol used in this study was RTFOT plus 20 hours of PAV aging for 
asphalt binder and 3 months of oven aging at a temperature of 60°C for FAM specimens, 
after which engineering properties of binder and FAM were determined. During and 
following the aging process, complex and synergistic reactions occur that impact binder 
and FAM characteristics. For example, stiffening effects due to oxidative aging can 
increase fracture strength, yet can also decrease the plastic deformation potential that 
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occurs beyond the critical stress level. This could translate into an overall loss or gain in 
fracture toughness, depending on degree of aging. It is possible for asphalt mixtures to 
exhibit increased resistance to fracture or fatigue after a certain degree of aging, yet exhibit 
different fracture and fatigue resistance after continued or more severe aging. If further 
laboratory aging were to be considered, results may vary. Proper aging protocols should 
be conducted in the laboratory to simulate intermediate- and long-term field aging for 
improved performance characterization, which is the focus in recent NCHRP studies (9-
52 and 9-54). 
3.5 Summary 
This chapter describes the effect of WMA additives and additive dosage on SFE 
of asphalt binders and their adhesion with aggregates before and after long-term aging 
(RTFOT plus 20 hours of PAV aging). Several parameters were considered to quantify 
the effect of WMA additives on the wettability (or ability to coat) of asphalt binders, 
adhesive bond energy between asphalt binders and aggregates, and binder-aggregate 
compatibility related to moisture damage. Additionally, extensive mechanical evaluation 
of FAM specimens subjected to laboratory moisture conditioning was compared to 
findings from the SFE-based approach. The main findings within this chapter are 
summarized as follows: 
 WMA additives can reduce the surface tension of asphalt binder, but additive 
dosage plays a role too. Reduced surface tension allows improved wettability and 
coating of the aggregate by the binder at production temperatures. 
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 The binder-aggregate adhesive bond and ER (used as an indicator for moisture 
damage) can be improved by optimizing WMA additive type and dosage. Aging 
improves these parameters for some cases. 
 Based on SFE and DMA evaluations, mixtures containing gabbro aggregates are 
more susceptible to moisture damage compared to mixtures with limestone 
aggregates. However, the moisture sensitivity of gabbro can be improved if 
combined with certain binder types and WMA additives. 
 Available WMA technologies can improve, deteriorate, or have a minimal effect 
on mixture performance in terms of moisture susceptibility. The selection of 
modifier type should be optimized for particular binder/aggregate combinations. 
Aging of WMA generally increases resistance to moisture damage based on the 
SFE measurements and mechanical testing of FAM. 
It is advisable to conduct performance testing and assess constituent compatibility 
prior to incorporation of any chemical modification to an asphalt mixture. The tools 
presented in this chapter can be used as screening tools before the design stage to check 
the compatibility of asphalt binder, WMA additive type, and aggregate type, as well as the 
sensitivity of such combinations to certain environmental conditions such as moisture and 
aging. 
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CHAPTER IV  
EFFECTS OF TEMPERATURE AND MOISTURE ON BINDER-AGGREGATE 
INTERFACIAL BONDING 
 
Various studies have focused on understanding mechanisms for moisture damage, 
developing experimental methods, and evaluating treatments to minimize moisture 
damage in asphalt pavements (Little and Jones 2003, Caro et al. 2008a, Caro et al. 2008b). 
One promising approach is the study of the asphalt binder-aggregate bond based on 
thermodynamics and physical chemistry by characterizing binder-aggregate work of 
adhesion (G). Experimental techniques representative of this approach include 
determination of asphalt binder and aggregate SFE components (Hefer et al. 2006, Bhasin 
and Little 2007) or evaluation of the wetting process by enthalpy of immersion (Bhasin 
and Little 2009). Measuring enthalpy of immersion through microcalorimetry is an 
efficient method that provides a direct measurement of the binder-aggregate interaction. 
Additionally, this method allows flexibility for the aggregates to be conditioned to mimic 
realistic production conditions, such as temperature, moisture, and dust (Bhasin and Little 
2009, Vasconcelos et al. 2009, Miller et al. 2011). With the asphalt industry continuously 
evolving and deploying technological alternatives to traditional HMA, simple, 
fundamental, and versatile experimental techniques are desired. 
This chapter presents the findings and conclusions corresponding to the effect of 
temperature and moisture on binder-aggregate interfacial bonding. Experimental 
techniques and analysis were adapted to assess the effect of temperature on the binder-
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aggregate adhesive bond and on binder-aggregate bonding when a uniform layer of 
moisture surrounds the aggregate. A control PG 64-22 binder (HMA), two common WMA 
technologies, and two different aggregate types were investigated (Table 7). SFE 
components resulting from experimental measurements (Chapter III) are summarized in 
Table 10, which are relevant to the discussion presented in this chapter.  
Table 10. Materials description 
 Water HMA Sasobit Evotherm Gabbro Limestone 
 (erg/cm2) 72.8 47.41 44.03 46.95 346.8 104.2 
 LW 24.8 40.48 39.98 39.97 57.4 69.4 
 + 25.5 0.42 0.14 1.37 3.3 0.3 
 - 25.5 28.60 29.30 8.89 6278.0 1075.4 
SSA (m2/g     0.58 2.26 
 
 
4.1 Adhesion at In-Service Temperature Range 
Enthalpy of immersion (H) was determined experimentally for various binder-
aggregate combinations (Table 7) at four different temperatures (10°C, 20°C, 35°C, and 
50°C), covering a representative range for asphalt pavement in-service temperatures. 
G(T) was modeled upon selection of a Gref, as discussed in Section 2.3.2, consisting of 
(1) Gref = GAS and (2) Gref = ½H300K.  The effect of using different aggregate types 
is reported in Figure 35 for the measured H (Figure 35a) and the modeled G (Figure 
35b and c), where the assumption for Gref is marked by a dashed line. At each 
temperature, three replicate tests were conducted (standard deviation is represented by 
error bars in Figure 35a). A linear fit was applied, as explained in Figure 16, in order to 
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obtain the heat capacity (Cp), described in Equation (36). Both enthalpy (H) and 
entropy (S) increased with temperature as a function of specific heat capacity, as 
described in Equations (39) and (40), resulting in reduced energy available to do work 
(G), which is modeled by Equation (41).  
The experimental measurements for H, shown in Figure 35a, considered the 
control PG 64-22 binder and wetting gabbro and limestone aggregates. It was observed 
that temperature variation had a substantial influence on the interaction between the 
control binder and the gabbro aggregate, while the effect was minimal for the asphalt-
limestone interaction. Figure 35b and Figure 35c show the modeled G based on the two 
available estimations for Gref. An effective reduction of binder-aggregate G could be 
explained based on reduction in binder surface tension with increasing temperature. Thus, 
G versus temperature, shown in Figure 35b and Figure 35c, should have shown parallel 
lines, which was not the case. It is possible that the difference observed was related to a 
change in entropy. Regardless of the physicochemical and/or mechanical phenomena 
responsible, it is clear that the aggregate fraction had a significant effect on the magnitude 
of the binder-aggregate bond and the rate of change over the temperature range. Different 
assumptions for Gref may rank binder-aggregate combinations comparably, but they can 
also result in widely different magnitudes of G with temperature. 
It is important to consider that field and laboratory experience with limestone 
indicates that limestone is generally more resistant to moisture damage than most other 
noncalcareous aggregates (Parker Jr and Wilson 1986, Hunter and Ksaibati 2002, 
Birgisson et al. 2004). This generalized trend has been attributed to the limestone being a 
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more porous, adsorptive aggregate with relatively higher SSA as compared to other 
aggregates used in asphalt mixtures. It is also generally considered that the calcium bond 
with asphalt acids is relatively durable and strong (Little et al. 2006).  
 
(a) Enthalpy of Immersion 
 
(c) Work of Adhesion (Gref = GAS) 
Figure 35. Effect of aggregate type on H and G with temperature 
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(c) Work of Adhesion (Gref = ½ H300K 
Figure 35. Continued 
The asphalt industry offers a wide range of technological alternatives for 
production of asphalt mixtures. In this study, the effect of common WMA additives on 
binder-aggregate adhesive properties was investigated. The enthalpy of immersion (H) 
was measured and the temperature-dependent G was calculated for all binder-aggregate 
pairs upon estimation of Gref. Results are presented in Figure 36, considering Gref = 
GAS, and in Figure 37, assuming Gref = ½ H300K. Results in Figure 36a and Figure 36b 
show the effect of common WMA additives on the binder-aggregate adhesive bond with 
gabbro and limestone aggregates, respectively. Figure 36 shows that inclusion of WMA 
additives modified G over the 10°C to 50°C temperature range and that ranking prevailed 
for WMAs and control binders in combination with both aggregate types. The inclusion 
of WMA additive with adhesion promoter (Rediset) resulted in an overall increase in G, 
while the inclusion of the wax (Sasobit) resulted in reduced G. Additional comparisons 
can be made from the total loss in G from 10°C to 50°C, reported in Table 11. All the 
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binder-gabbro combinations had a larger loss of G compared to the limestone 
counterpart, with the largest reduction observed for the gabbro-Sasobit combination.  
 
(a) Gabbro 
  
(b) Limestone 
Figure 36. Effect of WMA additives (Gref = GAS) 
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Table 11. Loss in G with increasing temperatures 
Gref 
Loss G 10 
to 50°C 
Gabbro Limestone 
HMA Sasobit Rediset HMA Sasobit Rediset 
GAS 
Total loss 52.1 71.4 45.3 8.0 18.4 9.0 
% loss 23% 38% 15% 5% 13% 5% 
½ H 
(300K) 
Total loss 41.4 49.5 42.5 14.2 18.3 17.3 
% loss 14% 15% 13% 13% 13% 14% 
 
 
 
Figure 37 shows the modeled G with the assumption Gref = ½ H300K; in this 
case, both WMAs had higher G over the temperature range in combination with both 
aggregate types. For the control PG 64-22 binder and the WMA Rediset, the rankings were 
comparable to those presented in Figure 36, while WMA Sasobit® showed an overall 
higher G in combination with either aggregate type. Additional comparisons by 
considering the total loss in G from 10°C to 50°C (Table 11) indicate that all the asphalt 
binder-gabbro combinations had a larger total loss of G, but percentage-wise were 
comparable to those from the asphalt binder-limestone combinations.  
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(a) Gabbro 
 
(b) Limestone 
Figure 37. Effect of WMA additives (Gref = ½ H300K 
It is clear that these two methodologies for estimating Gref may not necessarily 
provide comparable conclusions in terms of overall rankings, and the total magnitude of 
G may differ. It is important to recall the advantages and disadvantages from both 
assumptions considered: (1) Gref = ½ Href is an assumption that has been reported to be 
reasonable based on experimental measurements for minerals in combination with 
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different probe liquids by Doulliard et al. (1995). On the other hand, (2) Gref = GAS 
corresponds to calculated values based on experimentally determined SFE components, 
which can be considered a more reasonable assumption. However, there are limitations 
from such an approach, given that binder-aggregate adhesion is calculated based on the 
van Oss–Chaudhury-Good theory considering only LW and acid-base interactions. In 
other words, each method has shortcomings (Bhasin and Little 2009). Further work is 
needed to accurately determine Gref , preferably by microcalorimetry experiments for 
ease and practicality. 
4.2 Effect of Moisture at the Aggregate Interface 
Aggregate hydrophilicity contributed to the potential for moisture to disrupt the 
binder-aggregate bond. H and G at 20°C for water-aggregate systems are significantly 
larger than H and G for binder-aggregate systems. Both aggregates evaluated in this 
study were hydrophilic. Figure 38 shows aggregate hydrophilicity evaluated by both 
microcalorimeter measurement (H) and the acid-based theory calculating work of 
adhesion (G), which were compared to H and G for a binder-aggregate systems. 
Gabbro (Figure 38a) had a much larger affinity for water compared to limestone (Figure 
38b). This can be explained by the large polar SFE component for this aggregate type 
(Table 10). The inclusion of WMA additives may have impacted the binder-aggregate G. 
However, the values were much smaller compared to the aggregate hydrophilicity, 
implying that it is thermodynamically favorable for water to displace or detach the binder 
film from the aggregate surface.  
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(a) Gabbro 
 
(b) Limestone 
Figure 38. Water-aggregate affinity (20°C) 
Results from measuring heat of immersion with aggregates preconditioned at a 
specified RH are presented in Figure 39. In the dry condition, the results were always 
exothermic, implying significant heat generated in the reaction cell upon contact between 
binder and aggregate fractions (Figure 39a and Figure 39d). Measurements conducted with 
aggregates conditioned at 33% and 76% RH were variable and inconsistent for both 
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aggregate types (Figure 39c and Figure 39d). The RH at which a monolayer of water is 
formed around the surface of an aggregate can be estimated based on USD measurements. 
For both aggregates, limestone and gabbro, a monolayer of water was already formed at 
33% RH. The results observed in Figure 39c and Figure 39d can be interpreted as virtually 
zero energy transaction, implying there was no quantifiable adhesive bond when moisture 
was present at the binder-aggregate interface. One unusual observation was the 
endothermic reaction when binder solution was injected into aggregates conditioned at 
100% RH (Figure 39e and Figure 39f). This observation implies greater heat produced in 
the reference cell than in the reaction cell. This kind of response is common when 
vaporization of water molecules occurs, as this removes heat from a system. The 
experimental data obtained in this study resulted as largely variable for the 100% RH 
condition. 
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(a) Dry—Gabbro 
 
(b) Dry—Limestone 
 
(c) RH 33% and 76%—Gabbro 
 
(d) RH 33% and 76%—Limestone 
 
(e) RH 100%—Gabbro 
 
(f) RH 100%—Limestone 
Figure 39. Enthalpy of immersion with moisture-conditioned aggregates 
Moisture prevents binder-aggregate bonding, and the microcalorimetry technique 
provides an experimental means to measure and validate bonding (or lack of bonding). 
The endothermic reaction observed for aggregates conditioned at 100% RH could have 
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resulted from vaporization of free water molecules; nevertheless, the possibility of 
aggregate type having an impact on this value cannot be dismissed. Further research is 
recommended in order to confirm observations and conclusions regarding which variables 
contributed to the observed endothermic reaction. 
4.3 Summary 
This chapter presents an experimental procedure and analysis methodology 
capable of assessing the effect of temperature on the binder-aggregate adhesive bond and 
binder-aggregate bonding when a uniform layer of moisture surrounds the aggregate. The 
main findings of this study are as follows: 
 The asphalt binder-aggregate adhesive bond decreases with increasing 
temperature, most likely due to the reduction in binder SFE. Adhesive bond 
strength reductions with temperature are dependent on the specific binder-
aggregate combination.  
 The assumption for Gref affects the overall ranking of the binder-aggregate bond 
for a particular binder-aggregate system and the total reduction of bond energy 
with increasing temperature.  
 Type of aggregate has a greater influence on the adhesion-versus-temperature 
relationship, i.e., sensitivity to temperature than that from binder modification. 
 A relative humidity of 30% or higher can inhibit formation of bonds between 
asphalt binder and aggregate surface. The experiments regarding aggregate 
hydrophilicity based on enthalpy of immersion are consistent with the predicted 
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bond strength based on SFE measurements and calculated water-aggregate work 
of adhesion (G). 
The literature reports mixtures with limestone aggregates to be more resistant to 
moisture damage (Parker Jr and Wilson 1986, Hunter and Ksaibati 2002, Birgisson et al. 
2004). This generalized trend can be attributed to strong bonding between the calcium in 
limestone and the acids in asphalt binders (Little et al. 2006). Additionally, the relatively 
open surface morphology and higher SSA allow more binder to be adsorbed and strongly 
bonded to the aggregate surface by interfacial adhesion and mechanical interlock. Based 
on the experimental results from this study, it is also possible that the binder-aggregate 
bond for limestone materials is less susceptible to temperature changes, adding to the 
benefits previously identified. The end result is a reliable mixture that is highly resistant 
to moisture damage.  
Knowing that the binder-aggregate adhesive bond changes over the range of in-
service temperatures and that particular binder-aggregate combinations may contribute to 
larger variations of G with temperatures, local climate conditions should be considered 
when evaluating moisture susceptibility of asphalt mixtures. For example, if the main 
concern for a specific location is a hot and rainy summer, it would be reasonable to utilize 
a test such as the Hamburg Wheel Tracking Test in order to evaluate potential for moisture 
damage. Conversely, for extremely cold weather, experiments involving freezing cycles 
may be more accurate in ranking mixtures comparably to field experience. 
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CHAPTER V  
AGE-HARDENING OF ASPHALT MIXTURES AND BINDERS 
 
This chapter describes the evolution of the linear viscoelastic (LVE) response of 
asphalt mixtures and binders as they undergo age-hardening. The experimental plan 
considered 20 asphalt mixtures at three aging conditions. Asphalt binders were extracted 
and recovered from eight mixtures at two aging conditions in order to conduct rheological 
and chemical characterization, as previously detailed in Section 2.3.3. Additionally, 
mixture and binder age-hardening processes were compared to changes in binder 
chemistry. 
5.1 Age-Hardening of Asphalt Mixtures 
The aging state variable (A) was utilized in this study to compare the age-
hardening effect on various asphalt mixtures, including two aggregate sources, two binder 
types, and four WMA technologies, as previously described (Figure 17). Age-hardening 
of mixtures with gabbro aggregates after 3 months and 6 months at 60°C is presented in 
Figure 40. Results show that after 3 months and 6 months, the PG 64-22 HMA control 
binder experienced greater age-hardening than most of the WMA, except the foaming 
technology. For binder PG 76-22, all WMA mixtures showed more age-hardening as 
compared to the HMA counterpart. 
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Figure 40. Age-hardening of gabbro mixtures 
For the limestone mixtures (Figure 41), WMA technologies experienced greater 
age-hardening effect than the corresponding HMA counterpart at 3 months and 6 months 
of laboratory aging, with either binder type. 
 
Figure 41. Age-hardening of limestone mixtures 
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Three main variables were considered for comparison within the mixtures and 
aging conditions presented in Figure 40 and Figure 41: (1) aggregate type, (2) binder PG, 
and (3) WMA versus HMA. Using the calculated 95% CI, conclusions resulted as 
following: 
1) Limestone versus gabbro: Considering the 10 technological variables and the 
two aging conditions (3 months and 6 months), in 14 of 20 cases (70%) the 
mixtures with limestone aggregate experienced greater age-hardening as 
compared to those with gabbro aggregates. 
2) WMA versus HMA: Considering the four WMA alternatives, both binder 
types, both aggregate types, and the two aging conditions, 24 of 32 WMA 
mixtures (75%) experienced more age-hardening than the HMA counterpart.  
3) PG 64-22 versus PG 76-22: No clear trend was observed. These binders were 
of the same crude source, so they may have exhibited similar aging 
characteristics. Discussion regarding binder chemistry follows in the next 
section. 
WMA may exhibit an initially faster stiffening effect with aging as compared to 
HMA, but these may be comparable in the long-term (Yin et al. 2014b). To better 
discriminate among possible initial differences overcome at relatively early aging stages, 
the change in A from 3 months to 6 months was evaluated for all mixtures. It can be 
observed in Figure 42 that, with both limestone and gabbro aggregates, the change in A 
was proportional (or smaller) for WMA as compared to the HMA counterpart in most 
cases. Also, the limestone mixtures did not necessarily continue to have increased age-
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hardening as compared to gabbro. In the first 3 months, WMA mixtures might have 
experienced more significant stiffening effect than the HMA counterpart, especially in 
combination with the limestone aggregate, which may change in the long-term.  
 
Figure 42. Age-hardening from 3 months to 6 months 
It is important to recall that age-hardening effect was captured from the initial 
condition of each mixture using the aging state variable (A). Previous research states that 
WMA may be softer than HMA at the initial stage due to lower production temperatures 
(Yin et al. 2013), but with time WMA reaches stiffness levels of HMA and may continue 
to stiffen equivalently for most cases (Yin et al. 2014b, Newcomb et al. 2015). The initial 
lower stiffening may be caused mainly by two situations: (1) reduced binder age-
hardening due to lower production temperatures or (2) reduced binder absorption at an 
early stage for WMA. It has been reported that the reduced mixing temperatures in WMA 
are not a determining factor contributing to the initial stiffness of the mixture, but curing 
temperature has a much greater impact (Newcomb et al. 2015). Lower binder absorption 
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has been identified at an early stage for WMA, but absorption continues to occur in WMA 
with extended curing times, affecting performance properties (Estakhri et al. 2010). Part 
of the stiffening or age-hardening effect in WMA can be possibly explained by changes 
in the binder, but especially at early stages the age-hardening process can be explained by 
changes in a binder-aggregate interphase region. The mechanical characteristics of this 
interphase may depend on binder-aggregate interfacial bonding (interstitial forces at 
boundary of two ideal surfaces, i.e., an interface) and mechanical interlock, provided 
mainly by microtextural features of the aggregate and effective surface area of binder and 
aggregate in contact. Within the asphalt mixture, the interphase occupies a volume and 
possesses mechanical properties different from those of binder or aggregate (Garcia 
Cucalon et al. 2016b). Note that the concept of the interphase as referred to in this study 
does not consider long-term chemical reactions; such a scenario has been previously 
disproved based on experimental measurements by Curtis et al. (1991).  
Figure 43 illustrates an idealized interphase of an asphalt mixture at the initial 
condition (a) and after aging (b). At the initial condition (Figure 43a), it is expected that 
the binder has coated all the aggregate surface upon mixing and there should be some level 
of mechanical interlock between binder and aggregate, but it is possible that the binder 
hasn’t reached every irregularity of the aggregate surface. With time and temperature 
(Figure 43b), the binder is expected to keep flowing into the aggregates’ microtextural 
features or diffuse into the aggregate in the case of selective absorption. The differences 
reported in this study for WMA versus HMA and limestone versus gabbro aggregates 
could be possibly explained with understanding the interphase and its evolution.    
96 
(a) Initial condition (b) With time/temperature 
Figure 43. Depiction of the interphase with age-hardening 
Figure 44 presents photographs of small aggregates compared to aged mixtures 
taken under natural and ultraviolet (UV) light. Due to the dark color of the gabbro 
aggregate, it was impossible to distinguish binder from rock under natural or UV light 
(Figure 44a). For the limestone aggregate, absorption was extremely evident after 6 
months of aging, reaching the small aggregate entirely (Figure 44b). It is reasonable to 
attribute part of the age-hardening effect observed in the asphalt mixtures to changes in 
the binder-aggregate interphase region, so it is important to quantify the age-hardening 
effect of the asphalt binders. 
(a) Gabbro (b) Limestone 
Figure 44. Visual comparison of aggregate absorption under natural and UV lights 
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5.2 Age-Hardening of Asphalt Binder 
Asphalt binders undergo chemical and mechanical changes due to oxidative aging 
that affect the asphalt mixture. The previous section quantifies age-hardening of 20 asphalt 
mixtures; this section quantifies the age-hardening effect of asphalt binders extracted from 
eight of those asphalt mixtures after aging for 3 months and 6 months at 60°C. The aging 
state variable A1 was fitted to modify the compliance (Equation (8)) and retardation times 
(Equation (9)) using the storage compliance (J’) Equation (33). Upon fitting A1, A2 was 
fitted to modify the viscosity of the dashpot (Equation (45)) using the loss compliance (J”) 
Equation (34). The aging state variable A1 accounted for the changes in the compliance 
and retardation times of the Kelvin elements, while A2 modified the viscosity of the 
dashpot in Equation (45).   
Figure 45 shows the age-hardening effect on asphalt binders extracted from aged 
mixtures and for binders after standardized short- and long-term laboratory aging 
protocols. With consideration of both aging state variables A1 and A2, comparisons were 
made considering the extracted binders in terms of (1) aggregate type, (2) binder PG, and 
(3) WMA versus HMA. Analogous to the comparisons presented for the asphalt mixtures, 
conclusions resulted as follows: 
1) Limestone versus gabbro: PG 64-22 control and Rediset binders aged more in 
combination with gabbro aggregate, while PG 76-22 aged more within the 
limestone mixtures after 3 months and 6 months of aging. 
2) WMA versus HMA: For seven of eight combinations, WMA binder did not 
age more than HMA. 
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3) PG 64-22 versus PG 76-22: PG 76-22 experienced more age-hardening in 
combination with either aggregate type. 
The conclusions obtained based on binder age-hardening were not in agreement 
with those obtained from mixture age-hardening, suggesting that binder age-hardening is 
not the exclusive factor affecting age-hardening of asphalt mixtures.   
Figure 45 also shows that the changes in A2 were greater than the changes in A1 
for all cases. The A2 parameter (Figure 45b) presented in this study is capable of 
quantifying changes in viscosity of the Maxwell dashpot (Figure 13b), representative of 
binder rheology at 20°C and a large range of frequencies. Comparing alternative asphalt 
technologies, the polymer-modified PG 76-22 binder showed the largest increase in A2 
under all aging processes. The WMA Sasobit experienced a larger increase in A2 with 
RTFOT aging as compared to the control PG 64-22 binders. With extended aging 
protocols, Sasobit experienced relatively smaller changes in A2 as compared to the other 
binders. A previous study in microstructural characterization using atomic force 
microscopy (AFM) of asphalt binders with aging concluded that binder including 3% 
Sasobit WMA additive does not exhibit changes in microstructure after long-term aging 
(Menapace et al. 2015). The binders in Menapace’s study correspond to the PG 64-22 (Pen 
60/70) and PG 76-22 in this study.   
Evaluating the effect of aging method for each technological alternative, it was 
observed that the control PG 64-22 and the Rediset binders showed greater hardening 
effect after 6 months of aging in the gabbro mixtures, while the Sasobit and the polymer-
modified PG 76-22 had greater age-hardening in combination with the limestone 
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aggregates after 6 months of aging. In general, the PAV aging resulted in an age-hardening 
effect somewhere between 3 months and 6 months of mixture aging at 60°C. 
 
(a) A1 
 
(b) A2 
Figure 45. Aging state variable for asphalt binders  
The parameters A1 and A2 provided information about the changes in storage (J’) 
and loss (J”) compliances independently. For ease in visualizing a global age-hardening 
effect, the change in dynamic shear modulus with aging was evaluated by the use of an 
aging index (ratio of dynamic shear modulus before and after aging) at two different 
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temperatures representative of high and intermediate pavement temperatures (60°C and 
20°C). The aging index at 60°C is presented in Figure 46a, where the PAV aging protocol 
showed that binder modifications (i.e., WMA and polymer) resulted in equivalent or 
improved aging characteristics, with the largest reduction in aging index attributed to the 
inclusion of polymer. On the other hand, the binders extracted from the laboratory-aged 
mixtures showed largely varying aging indexes depending on the binder-aggregate 
combinations, highlighting the possible impact of the aggregate in binder age-hardening. 
For an instance, the control PG 64-22 and Rediset binders had a more significant stiffening 
effect in combination with the gabbro aggregates after 6 months, while the PG 76-22 
stiffened the most in combination with the limestone aggregates after 6 months. The aging 
index at 20°C (Figure 45b) provided similar conclusions as the 60°C aging index for 
rankings of the PG 64-22 control and WMA binders, while the PG 76-22 had a relatively 
larger aging index at 20°C (can be explained by the increased A1). Considering both aging 
indexes, WMA Sasobit exhibited the least aging within the mixtures in combination with 
both aggregate types after 3 months and 6 months. 
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(a) │ G*│ ratio at 60°C, 10 Hz  
 
(b) │ G*│ ratio at 20°C, 10 Hz 
Figure 46. Aging index  
Within asphalt literature, it is common to find various adjectives to describe 
changes in mechanical behavior of asphalt mixtures and binders over time (e.g. aging, age-
hardening, embrittlement, stiffening, loss of ductility). The principal concern with aging 
is excessive pavement cracking, which is promoted not solely by increased stiffness, but 
by embrittlement of the asphalt binder (and subsequently mixture) with time. The GR 
parameter was proposed to address the issue of binder embrittlement and was used in this 
study for comparison purposes; results are presented in Figure 47. The data were plotted 
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in the black space and were compared to the empirically determined damage thresholds 
(Figure 47a), from which it can be said that none of the aging protocols considered in this 
study were sufficient to degrade the binder to the extent of reaching the damage region. It 
is becoming a common practice to compare binders in terms of how much aging it takes 
for a specific binder-additive combination to fall into the damage region; such comparison 
was not possible within this study. From Figure 47a, it can be observed that none of the 
WMA additives altered the “path” for binder aging, while the polymer modification 
significantly modified the rheological properties of the binder (as expected). It is important 
to recall that the damage regions were defined empirically for neat binders; therefore, 
binders involving polymer modifications could not be evaluated by this approach. To 
address the effect of aggregate type and inclusion of WMA additives, the GR is presented 
as a bar graph in Figure 47b, where a material expected to be more susceptible to cracking 
would show higher numbers. The WMA Sasobit binder exhibited the highest GR at all 
aging conditions, while Rediset showed the lowest in most cases. WMA Sasobit was 
always portrayed as the less aging-susceptible binder, with the smallest A1 and A2 (Figure 
45) and the smallest aging indexes (Figure 46). It is important to highlight that the 
inclusion of the Sasobit resulted in significantly stiffer binder at the original condition, 
which explains the apparent lack of agreement between the approaches considered. 
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(a) Black-space diagram 
 
(b) │G*│(cos)2/sin 
Figure 47. GR parameter 
5.3 Binder Chemistry 
The previous section characterizes the age-hardening of 20 asphalt mixtures and 
eight binders extracted from those mixtures. In this portion of the study, a qualitative 
chemical was presented based on FTIR measurements considering the extracted binders 
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64-22, WMA Rediset, WMA Sasobit, and polymer-modified PG 76-22. The Rediset and 
Sasobit modifications were performed by the author in the laboratory by mixing the 
control PG 64-22 binder with 0.5% Rediset and 2% Sasobit over the weight of binder. The 
polymer-modified PG 76-22 binder was modified at the terminal (Woqod—Middle East). 
Both binders PG 64-22 and PG 76-22 were received from the same provider; comparing 
the FTIR spectra (Figure 48), it is a reasonable assumption that both PG 64-22 and PG 76-
22 were of similar chemical nature, possibly from the same crude source. Figure 48 
presents the FTIR spectra for both binders, showing differences at 995 cm–1, 967 cm–1, 
910 cm–1, 748 cm–1, and 699 cm–1, which can be attributed to the addition of SBS polymer 
(Table 6). Based on these results, binders PG 64-22 and PG 76-22 were treated as being 
of the same nature, with a difference of the polymer modification for PG 76-22. Literature 
on asphalt aging commonly reports that the most significant differences in binder age-
hardening and oxidation are found within binders from different crude sources; such a 
variable was not included in this study. The focus of this chapter is to determine the impact 
of binder modification and aggregate type in the age-hardening process of asphalt 
mixtures. 
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(a) Full Spectra 
 
(b) 1200 cm–1 to 600 cm–1 
Figure 48. FTIR spectra for binders PG 64-22 and PG 76-22  
The most common parameter to quantify binder oxidation and kinetics is the CA, 
which represents the increase in oxidation products containing carbonyl groups (e.g., 
ketones and carboxylic acids). CA results are presented in Figure 49; the bar graphs 
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present the average value from two replicates, while the average difference is presented 
as error bars. The binder PG 64-22 with WMA Rediset had the largest CA before aging, 
which could possibly be introduced by the composition of the chemical additive. From 
original to RTFOT aging, all binders observed minimum changes in CA. After PAV aging 
(implying RTFOT plus 20 hours PAV aging), all binders observed a clear increase in CA, 
with Rediset having the largest CA. Considering the asphalt binders extracted from 
mixtures after 3 months and 6 months of aging, 3 months of aging with either limestone 
or gabbro rendered comparable results, except for WMA Sasobit, which had a larger CA 
in combination with the gabbro aggregate. After 6 months of aging, most binders aged 
within the gabbro aggregates had a larger CA, except for the polymer-modified PG 76-22, 
which continued to age similarly with either aggregate type. Based on previous research 
studies, it is possible that iron and aluminum ions present on the surface of the gabbro 
(Table 3) could be catalyzers for binder oxidation (Petersen 1974, Petersen 2009, Wu et 
al. 2014). The PAV aging resulted in binders with similar or lesser CA than that of binders 
extracted after 3 months of aging in the mixtures.   
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Figure 49. CA 
Another oxidation product commonly considered in evaluating binder aging is 
sulfoxide, which peaks at a frequency around 1030 cm–1 on the FTIR spectrum. Several 
research studies have highlighted the importance of considering sulfoxide formation to 
quantify binder aging and oxidation kinetics (Petersen and Harnsberger 1998, Petersen 
and Glaser 2011). The sulfoxide peak for all binders evaluated within this study are 
summarized in Figure 50. Minor changes were observed in the height of sulfoxide peaks 
after RTFOT and PAV aging. Significantly larger sulfoxide peaks were observed for the 
extracted binders, especially in combination with limestone aggregates after 3 months and 
6 months. It was previously discussed that carbonyl formation may occur faster when the 
binder is adjacent to the gabbro aggregates, possibly due to a catalytic effect, while the 
opposite trend is observed in terms of sulfoxide formation. It is important to highlight that 
limestone materials are highly absorptive, which could also alter the oxidation process. 
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Figure 50. Sulfoxide peak 
Literature on asphalt binder oxidation mechanisms has reported that ketones 
(identified in FTIR spectra by CA increase) are formed mainly from benzylic carbon chain 
reactions (Petersen 2009). Elevated temperatures increase the molecular mobility of these 
highly polar moieties, promoting oxidation and ketone formation, while at lower 
temperatures these are highly associated and not so readily oxidized. On the other hand, 
sulfides (while available) are highly reactive with hydroperoxides to form sulfoxides, a 
reaction likely to occur at lower temperatures (Petersen 2009). In this study, the aging of 
asphalt mixtures was conducted at 60°C to be consistent with realistic pavement aging 
temperatures. This relatively lower aging temperature can explain the increased sulfoxide 
peaks observed in the binders extracted from aged mixtures as compared to the RTFOT- 
and PAV-aged binders. Petersen (2009) also summarized how, after the initial spurt, 
sulfoxides and ketones can be formed from the same precursor, hydroperoxides. 
Sulfoxides are most probably formed from the reaction of akylarylhydroperoxides with 
asphalt sulfides, which is promoted by the presence of acidic molecules. Additionally, 
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decomposition of hydroperoxides provides an alternate route for ketone formation, which 
can be induced by a catalytic amount of metal ions or a basic reaction medium (Petersen 
2009). The gabbro aggregates considered in this study contained significant amounts of 
iron and other metals (Table 3), which could catalyze hydroperoxide decomposition and 
ketone formation, as stated in previous studies. If more hydroperoxides are decomposed 
and ketones are formed, then less hydroperoxides would be available to react with sulfides 
and forming sulfoxides. It is reasonable to calculate a carbonyl-to-sulfoxide ratio based on 
peak height in order to evaluate this possibility; the higher this carbonyl-to-sulfoxide ratio, 
it could be inferred that more hydroperoxides have been decomposed into ketone 
formation due to the aggregate’s catalytic effect. Results are presented in Figure 51, 
confirming that binders aged in gabbro mixtures had a higher production of carbonyl (very 
likely ketones) than sulfoxides.  
 
Figure 51. Carbonyl-to-sulfoxide ratio 
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Given the binder modifications and different aggregate types introduced in this 
aging study, it was considered important to “scan” through the FTIR spectra for changes 
in binder chemistry outside of the commonly studied carbonyl and sulfoxide formation. 
Regarding the binder modifications, it was found that the peaks corresponding to the 
presence of polymers (Table 6) changed with aging. The FTIR peaks at 995 cm–1, 967 cm–
1, 910 cm–1, and 699 cm–1 corresponding to the polymer-modified binder were found to 
change with aging (Figure 52). All these polymer peaks increased with short-term aging 
(RTFOT) and exhibited minor changes after further PAV aging or materials extracted 
from aged mixtures. Peak 967 cm–1 fell in an area of baseline upshift for the extracted 
materials, limiting conclusions beyond PAV aging. A previous study by Cortizo et al. 
(2004) reported that, during the degradation of process of polymer-modified asphalt (with 
SBS copolymer), free radical reactions produce chain scission and subsequent radical 
addition to some asphalt components; such a process would be a reasonable explanation 
for the changes in polymer peaks with aging. The increased absorbance in the FTIR peaks 
could be explained from chain scissions. From the mechanical evaluation of asphalt binder 
age-hardening, it was observed that the polymer-modified binder PG 76-22 experienced 
the largest increase in A1, caused by the largest shift in the storage (elastic) component of 
the dynamic response with RTFOT aging. With further laboratory aging, changes in the 
mechanical response for the PG 76-22 followed a similar range as the PG 64-22 binders. 
This initial change in the PG 76-22 binder could be related to chemical changes in the 
polymer with short-term aging. 
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(a) Peaks at 748 cm–1 and 699 cm–1 
 
(b) Peaks at 967 cm–1 and 910 cm–1 
Figure 52. Polymer-modified binders with aging 
Regarding the different aging protocols, including laboratory and mixture aging, 
variations were found, specifically for binders extracted from limestone mixtures. Figure 
53 shows the peaks identified in this study around 880 cm–1, 985 cm–1, 1090 cm–1, and 
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1120 cm–1, exclusively for materials aged in limestone mixtures. Sulfur-containing 
compounds are found in the region from around 1000 cm–1 to 1320 cm–1 (Usmani 1997); 
it could be speculated that sulfur-containing compounds have formed when aging with 
limestone aggregates. Determining the nature of these compounds and chemical reactions 
leading to their formation could constitute a research project on its own. Additionally, the 
effect of such compounds on binder rheology and potential influence on the mechanical 
behavior of asphalt mixtures should be determined. From the data available within this 
study, it is clear that the peaks around 880 cm–1, 985 cm–1, 1090 cm–1, and 1120 cm–1 
increased with aging only within the limestone mixtures, regardless of binder 
modification. WMA Rediset exhibited the largest peaks, while WMA Sasobit had the 
lowest.  
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(a) Control PG 64-22 HMA 
 
(b) PG 64-22 Rediset 
Figure 53. Other compounds with aging 
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(c) PG 64-22 Sasobit 
(d) Polymer-modified PG 76-22 
Figure 53. Continued 
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aging (Liu et al. 2013). Other peaks related to the presence of methyl and methylene (i.e., 
CH2 and CH3 from 3000 cm
–1 to 2800 cm–1) were evaluated, and no changes were found 
with aging. From Figure 53, it was speculated that some sulfur-containing compounds 
could be responsible for the additional peaks observed around the sulfoxide area, possibly 
such a compound also provoked the change at 1460 cm–1.  
           Figure 54 shows that all binders extracted from aged limestone mixtures also 
exhibited changes at the 1460-cm–1 peak, which is related to the methyl and methylene 
functional groups (Table 6). These compounds are not expected to change with binder 
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(a) Control PG 64-22 HMA 
 
(b) PG 64-22 Rediset 
Figure 54. Methylene and methyl groups with aging 
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(c) PG 64-22 Sasobit 
 
(d) Polymer-modified PG 76-22 
Figure 54. Continued 
5.4 Summary 
A full factorial experiment was conducted to evaluate the long-term properties of 
asphalt mixtures, with a focus on quantifying the effect of binder modifications and 
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aggregate types on age-hardening characteristics of the mixtures. A total of 20 mixtures 
was evaluated, including two aggregate types, two asphalt binders, and five technological 
alternatives. The VE behavior of asphalt mixtures was evaluated at three different aging 
stages (initial stage, 3 months, and 6 months) in a controlled-temperature room at 60°C. 
Mixtures were fabricated based on recommendations from Yin et al (2013) to mimic 
recently constructed materials. A subset of four asphalt binders, including the control PG 
64-22, two WMAs (Rediset and Sasobit), and polymer-modified PG 76-22 binders, was 
characterized in terms of rheological and chemical changes after standard laboratory aging 
(i.e., RTFOT and PAV aging) and after extraction from aged mixtures (i.e., 3 months and 
6 months at 60°C).  
It was found that WMA technologies may exhibit a larger age-hardening effect 
during the first 3 months of aging in the 60°C environmental room, while from 3 months 
to 6 months, the age-hardening effect was comparable to that from HMA. Aggregate type 
had a significant effect on the age-hardening process. The age-hardening of asphalt 
mixtures is commonly attributed to binder age-hardening, and binder age-hardening is 
explained by changes in binder chemistry. Most specifically, binder age-hardening has 
been correlated to the formation of ketones, which are carbonyl-containing compounds. 
Within this study, comparisons were made at two different levels: (1) binder rheology and 
chemistry and (2) mixture and binder.  
Figure 55 compares binder rheology to carbonyl formation. Binder rheology was 
defined by the viscosity of the dashpot corresponding to the mechanical analog model for 
binder (Figure 55a) and the dynamic shear modulus at 60°C and 10 Hz (Figure 55b). The 
 119 
 
control PG 64-22 and polymer-modified PG 76-22 binders exhibited rheological changes, 
which can be reasonably explained from carbonyl formation, while correlations were not 
very clear for the WMA-modified binders. It is important to highlight that the various data 
points plotted in Figure 55 correspond to different aging protocols, involving different 
temperatures and/or pressures. Adding the inherent variability introduced by the extraction 
process, the resulting correlations are not sufficiently precise, but the trends are still useful 
for comparison purposes. 
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.  
(a) Viscosity dashpot 
 
(b) Dynamic shear modulus at 60°C, 10 Hz 
Figure 55. CA vs. binder rheology 
The process of mixture age-hardening was compared to that of the extracted 
binders at two different levels, binder rheology and binder chemistry.  For comparison of 
mixtures and binder rheology, the aging state variable (A) of asphalt mixtures was 
compared to the aging state variables (A1 and A2) of the asphalt binders (Figure 56). 
Considering exclusively the gabbro materials (Figure 56a), it was observed that A1 and A2 
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increased when mixture A increased, which was not the case for limestone mixtures 
(Figure 56b). In general, A1 and/or A2 did not have a direct strong correlation to mixture 
age-hardening. A1 and A2 modified the binders from J’ and J” separately such that neither 
parameter was solely responsible for the global age-hardening of the asphalt binder. 
Additionally, parameters A, A1, and A2 required an initial condition in order to quantify 
age-hardening. For the mixtures, the initial condition was the mixture prior to aging, while 
for the binders it was taken prior to mixing, and these may not be comparable to produce 
good correlations.  
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(a) Gabbro 
 
(b) Limestone 
Figure 56. Aging state variable: mixture vs. binder 
To eliminate the concern regarding the initial condition, CA was compared to 
mixture age-hardening. Figure 57 shows that gabbro mixtures exhibited increased age-
hardening analogous to the increase in carbonyl formation, while limestone mixtures did 
not show such correlation. Several factors could contribute to the lack of correlation for 
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limestone age-hardening and carbonyl formation. First, any mechanical change at the 
interphase could not be explained from the increase in carbonyl groups. Second, the aged 
binders extracted from the limestone materials observed larger production of sulfoxides, 
and the presence of unidentified functional groups contributing to age-hardening was 
unknown and was not quantifiable within the scope of this study. And finally, considering 
the scenario of selective absorption, the binder extracted and evaluated would not 
accurately represent the binder crust around the limestone aggregate within the mixture. 
 
Figure 57. CA vs. mixture age-hardening (A) 
In general, this study suggests that that mixture age-hardening cannot be explained 
from binder age-hardening exclusively, especially when absorptive aggregates are 
considered. Based on the FTIR CA results, it is likely that the gabbro materials act like a 
catalyst in the formation of carbonyl-containing compounds. Based on LVE evaluation, 
mixtures with limestone aggregates experience increased age-hardening, while binder 
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rheology and FTIR CA are not in agreement. The observed mixture response could be 
affected by changes in the interphase region with aging and/or caused by selective 
absorption of the asphalt binder into the aggregate’s surface morphology. The possible 
selective absorption in the limestone mixtures raises concerns about how accurately the 
rheology of the extracted binder represents that of the effective binder surrounding the 
limestone aggregates within the mixture (i.e., binder not absorbed by the aggregate). Age-
hardening of asphalt mixtures is a complex phenomenon involving many variables. Binder 
oxidation is a major concern, but it is not the only factor by which mixture age-hardening 
could be explained. For improved modeling of the age-hardening of asphalt mixtures, 
further understanding and quantification are required on how aggregate morphology and 
mineralogy may alter rheological properties of the effective binder and its aging 
characteristics.  
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CHAPTER VI  
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 
 
This chapter presents conclusions based on the results of this study and provides 
recommendations for future research. 
6.1 Conclusions 
Asphalt mixtures degrade with time due to weathering, reducing the service life of 
the wearing course and the pavement structure. Moisture damage and oxidative age-
hardening are the main concerns in ensuring material durability. Pursuing a fundamental 
understanding of weathering degradation will enable pavement engineers and scientists to 
evaluate mixtures and pavement performance effectively. It is important to continue to 
develop experimental and analytical tools for designers to provide cost-efficient 
recommendations with consideration of long-term performance. This study focused on 
investigating physicochemical interactions at the binder-aggregate interface contributing 
to moisture damage and oxidative age-hardening processes.  
Evaluation of binder-aggregate adhesive properties is reported in Chapters III and 
IV. Chapter III focuses on the effect of incorporating WMA additives and varying additive 
dosages on the SFE of WMA binders before and after laboratory aging. Adhesion to the 
aggregate fraction and moisture susceptibility were evaluated based on SFE parameters 
for a total of 28 binder-aggregate combinations. Additionally, mechanical degradation of 
the FAM with moisture damage and aging was evaluated for 20 of these mixtures for 
comparison with the SFE-based moisture susceptibility parameters. Chapter IV presents a 
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microcalorimeter technique to evaluate the change of binder-aggregate adhesive bond at 
an in-service temperature range and to assess the binder-aggregate bond in the presence 
of water.  
Based on the SFE analysis, it was found that WMA additives can increase the 
binder-aggregate adhesive bond and improve the ER, potentially improving resistance to 
moisture damage. Additive dosage can be optimized for best results. Additionally, WMA 
additives can reduce binder surface tension, and an asphalt binder with lower surface 
tension results in improved coating of aggregate particles. Based on the mechanical 
evaluation, it can be concluded that the surface energy parameters and mechanical 
evaluation for moisture damage result in similar trends. The ER and FAM evaluation 
provide a good toolset for screening moisture-susceptible mixtures. Additional findings 
from this study are as follows: 
 From SFE and DMA evaluations, mixtures containing gabbro aggregates are more 
susceptible to moisture damage compared to mixtures with limestone aggregates. 
Meanwhile, the moisture sensitivity of gabbro can be improved if combined with 
certain binder types and WMA additives. 
 Available WMA technologies can improve, deteriorate, or have a minimal effect 
on mixture performance. The selection of modifier type should be optimized for 
particular binder/aggregate combinations.  
 SFE parameters such as adhesive bond energy and ER prove effective in ranking 
mixtures most resistant to moisture damage as compared to mechanical evaluation 
of FAM.  
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Considering the effect of temperature in binder-aggregate adhesive characteristics, 
it was found that the asphalt binder-aggregate adhesive bond becomes weaker with 
increasing temperature. The magnitude of the bond reduction is dependent on the 
particular binder-aggregate combinations, with the aggregate type having a greater impact. 
The assumption that Gref has a significant effect on ranking binder-aggregate 
combinations makes it is important to continue to study thermodynamics of adhesion and 
wetting processes for improved accuracy in analysis methodologies. Experimental data 
confirm that conditioning aggregates at relative humidity levels of 30+% can inhibit 
binder-aggregate bonding. The experiments regarding aggregate hydrophilicity based on 
enthalpy of immersion are consistent with the predicted bond strength based on SFE 
measurements and calculated water-aggregate work of adhesion (G). 
Chapter V presents a full study on age-hardening of asphalt mixtures and binders 
with consideration of mechanics, rheology, and chemistry. Mixture age-hardening could 
not be fully explained from binder age-hardening; inconsistencies are attributed to changes 
in the binder-aggregate interphase with aging, which cannot be fully characterized at this 
time. Changes in binder rheology could be explained by changes in binder chemistry, 
specifically from the formation of carbonyl compounds. Based on the experimental data, 
gabbro aggregates are a catalyst for binder oxidation, while limestone aggregates have a 
greater impact on mixture age-hardening, possibly based on selective absorption and/or 
changes at the interphase. The standard laboratory long-term aging protocol (RTFOT plus 
20 hours of PAV aging) does not produce comparable binders to those extracted from the 
asphalt mixtures. Consideration of the asphalt binders near the aggregate surface, or 
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diffusing into it, could improve the accuracy of mechanical modeling for asphalt mixture 
age-hardening. 
Based on the results presented in this study with respect to both weathering 
degradation processes (i.e., moisture damage and aging), aggregate type has a larger 
impact than WMA additives on the short- and long-term performance of asphalt mixtures 
in terms of moisture susceptibility and mixture age-hardening. Synergistic effects of 
moisture damage and aging should be carefully considered in evaluating asphalt mixtures 
and pavement design approaches. An aggregate that may be poor in terms of wearing 
resistance, such as limestone, could also be highly resistant to moisture damage and 
possibly long-term age-hardening if sufficient binder is incorporated into the mixture. 
6.2 Recommendations for Future Research
The Wilhelmy plate and USD methods for assessment of SFE consist of measuring 
material properties at ambient temperature separately for binders and aggregates and then 
calculating the interaction using the acid-base theory. Conversely, the microcalorimeter is 
capable of directly measuring binder-aggregate interaction, but requires an assumption of 
Gref in order to obtain full thermodynamic characterization of interactions at the 
interface. In this study, H was measured at various temperatures and G had to be 
assumed at one reference temperature. Considering an alternative to this approach, if G 
experiments were conducted at various temperatures, H could be calculated based on the 
following Gibbs-Helmholtz Equation (48), whose derivation is explained by Wilson 
(1966). 
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∆H = ∆G − T (
𝜕∆𝐺
𝜕𝑇
)
𝑃
 (48) 
The temperature-dependent evaluation of the binder-aggregate interface could be 
a powerful tool for assessing WMA effectiveness in reducing mixing and compaction 
temperatures. Several studies have evaluated binder viscosity (Sadeq et al. 2016b; Garcia 
Cucalon 2010; Wasiuddin et al. 2007; Hurley,Prowell 2005) and binder surface tension 
(Osmari et al. 2015) without conclusive recommendations on how to select production 
temperatures for a given combination of WMA technology, binder, and aggregate. 
Oftentimes, wax-based WMA additives are the most effective in reducing mixing and 
compaction temperatures by evaluating binder viscosity or binder surface tension, while 
in practice other chemical additives also allow for lower production temperatures without 
sacrificing coatability. Findings from this study suggest that aggregate type has an impact 
on the temperature dependency of the binder-aggregate bond at in-service temperatures, 
so the wettability or coatability at production temperatures is likely also affected by the 
binder-aggregate interaction as opposed to being controlled solely by binder surface 
tension. The next step in evaluating and optimizing WMA mixing temperature reduction 
should include the aggregate as part of the experimental process, and a microcalorimetry 
study in the production temperature range could be a promising fundamental approach.   
The flexibility for aggregate conditioning within microcalorimetry experiments 
provides a powerful tool to assess the effectiveness of chemical additives such as adhesion 
promoters or lime treatments. The effect of temperature and moisture could also be applied 
for evaluating cold asphalt mixtures (or surface treatments), in which experimental 
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conditions could be modified to mimic field climatic conditions and/or construction 
operations. 
The asphalt mixtures undergo age-hardening as a result of changes in the binder 
chemistry and rheology plus the changes at the interphase region. Aging of the asphalt 
binder may occur at different rates (faster or slower) depending on the aggregate fraction 
it neighbors. It would be complex, excessively time-consuming, and probably impractical 
to include the aggregate as part of any standardized binder laboratory-aging method. 
Recent NCHRP projects are oriented toward laboratory protocols for age-hardening of 
asphalt mixtures and evaluating the mixture mechanical response with aging. Such an 
approach is accurate, but still somewhat impractical, with the increased number of 
technological alternatives currently available. It would be appropriate to accompany such 
studies with in-depth evaluation of the binder-aggregate neighboring region, continuing 
to move forward with micromechanics-based modeling.   
It is important to continue exploring fundamental properties enabling the pavement 
community to understand interactions among constituent materials in asphalt mixtures and 
their relation to performance of the composite. Such a fundamental research approach 
leads to a more efficient assessment of current and emerging asphalt technologies. 
Research studies should consider initial, intermediate-term, and long-term characteristics 
of asphalt materials with relation to field performance.  
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